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PREFACE 


This  R&O  progrsB  has  bscn  conducted  as  a  Phase  I  (first  year)  and  Phase  II 
(second  year)  effort.  A  Final  Report »  dated  June  11,  1992,  vas  generated  to 
docuaent  the  investigations  and  results  of  Phase  I.  This  report  covers  the 
entire  tvo  year  R&O  prograa  but,  vhere  appropriate,  only  suaaarizes  soae  of 
the  data  and  results  presented  in  detail  in  the  Phase  I  Final  Report. 
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1.0 


mnoDucnoN  and  program  objbctivbs 


1.1  miRODUcnoN 

This  R&D  program  sponsorod  hy  ths  Naval  Rasaarch  Laboratory  and  conductad 
by  Blaetroaagnatic  Sciancas,  Inc.,  Norcross,  Gaorgia,  foeusad  on  achiaving 
iaprovad  parforaanca  in  aicroirava  avitching  coaponants  via  uaa  of  "strass 
insansitiva”  aicrovava  farrita  aatarials  for  applications  vhara  atabla 
hystarasis  charactaristics  of  tha  aatarials  ara  critical  to  tha  RF 
parforaanca.  nta  program  tharafora  primarily  addrassad  hov  to  raliava  or 
iaprova  tha  aagnatostrictiva  charactaristics  of  tha  aatarials  vlth  aaphasis 
on  tha  spacific  application  and  daaonstration  of  thasa  aatarials  in 
aicrovava  switching  coaponants*  particularly  farrita  toroidal  phasa 
shiftars. 


1.2  PROGRAM  OBJECTIVES 

Tha  ovarall  tachnical  objactiva  of  this  program  vas  to  iaprova  tha 
parforaanca  of  aicrovava  svltchlng  coaponants  using  strass  insansitiva 
farrita  aatarials.  Farrita  compounds  axhibiting  ainlaua  strass  sansitiva 
hystarasis  propartlas  vara  to  ba  "aolacularly  anginaarad"  and  procassad  into 
toroidal  structuras  to  daaonstrata  iaprovad  parforaanca  in  high  povar*  high 
accuracy  aicrovava  farrita  toroidal  phasa  shiftars. 

Tha  Invastigatlva  program  includad  furthar  analysis  of  tha  aolacular  and 
physical  aachanisas  which  appaar  to  influance  and/or  control  tha  strass 
sansitiva  charactaristics  of  tha  cubic  farriaagnetlc  coapounds  of  interest 
(aaphasis  focused  on  tha  farriaagnatic  garnet  coapounds).  The 
aagnatostrictiva  charactaristics  vara  related  to  the  aolecular  crystalline 
structure  and  "aolecular  engineering"  techniques  vere  utilized  to  ainialze 
(compensate)  the  dominant  aagnetostrictive  constants.  The  analysis  included 
the  relative  iaportance  and  aagnitude  of  the  aagnetocrystalline  anisotropy 
to  aagnetostrictive  anisotropy.  Coapounds  foraulated  vere  based  on  these 
analyses*  and  the  aaterial  coapositions  prepared*  processed  and  evaluated. 
Iteration  of  this  cycle  vas  iapleaented  where  appropriate.  The  aaterial 
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properties  were  evslueted  not  only  for  stress  insensitive  hysteresis 
cherseteristics  but  also  for  acceptable  eicrovavc  and  nasnetic  properties 
supportive  to  toroidal  phase  shifter  applications.  A  specific  coepound  was 
generated  as  optieized  for  high  pover  phase  shifter  application  and 
deeonstrated  in  the  Z-band  frequency  region. 

The  goal  of  the  investigative  effort  vas  to  deeonstrate  high  pover,  hi^d^ 
accuracy,  stress  insensitive  dual  toroid  vavegulde  ferrite  phase  shifters 
over  the  7  to  11  GHz  frequency  region  vith  results  applicable  to  structures 
covering  the  6  to  18  GHz  frequency  region.  A  breadboard  nodal  of  the  X-band 
Phaser  vas  fabricated  to  denonstrate  perforaance  advancenents  achieved. 
Stress  sensitivity  vas  fully  evaluated  for  phase  states  corresponding  to 
ninor  hysteresis  loop  operation. 

1.3  PROGRAM  TECHNICAL  TASKS 

1.3.1  Selection  of  Baseline  Test  Vehicle 


An  existing  Z-band  phase  shifter  vas  selected  as  a  test  vehicle  vith  the 
concurrence  of  the  NRL  COTR.  The  stress  sensitivity  of  the  RF  perforaance 
of  this  phase  shifter  vas  to  be  characterized  and  iaproved.  Typical 
perforaance  goals  for  this  baseline  phase  shifter  are  as  follovs: 

Frequency:  7  to  11  GHz 

RF  pover  (peak/average):  5  kV/300  vatts 
Teaperature  range:  -10  to  80  *C 

Accuracy:  four  bits 

1.3.2  Analytical  Phaser  Model  Studies 

An  analytical  phaser  nodel  vas  to  be  established  and  utilized  to  predict 
perforaance  vith  stress  insensitive  aaterials. 
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1.3.3 


M«tTl>l8  PrtiMiratlon  and  Ch>r»cf  ri»«tion 


Proalsing  atr«M  inacnsltiv*  utttrlals  coapositions  v«re  prepared  and  the 
phyaicaly  aagnetic  and  electrical  proper tiea  of  theae  conpounda 
characteriaed.  "Static*  atreaa  aenaitivity  teata  vith  both  near-aaturated 
and  ninor  loop  operation  vere  conducted. 

1.3.4  RF  Evaluation 

The  noat  proaiaing  aateriala  vere  aelected  for  RF  evaluation.  Theae 
aateriala  vere  characterized  in  an  RF  vaveguide  phaaer  atructure  aa  a 
function  of  frequency,  teaperature  and  RF  pover.  The  perfomance  achieved 
vaa  coapared  vith  that  of  the  baaeline  teat  vehicle. 

Thia  phaae  ahifter  teat  vehicle  vith  driver  vaa  provided  to  NRL  for 
evaluation. 
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2.0  BAOCGROUND  DISCUSSION  ON  REHANENT  STATE  FERRITE  FRASERS,  REMANENT 

MAGNETIZATION  AND  MAGNETOSTRICTION 

2.1  REMANENT  STATE  FERRITE  FRASERS 

Microvav*  ferrite  digital  phase  shifters  utilize  ferrite  toroidal  structures 
and  the  hysteresis  properties  (square  loop  characteristics)  of  the  ferrite 
for  their  operations. 

The  phase  shifters  are  constructed  in  vavegulde  using  either  a  single  toroid 
or  a  dual  toroid  configuration.  These  structures  are  shovn  in  Figures  2-1, 
2-2,  and  2-3. 

The  ferrite  toroid  fully  fills  the  vaveguide  froa  top  to  bottoe.  The 
designs  must  include  features  that  prevent  any  gaps  at  the  top  or  bottoe  of 
the  vaveguide- ferrite  interface.  This  generally  requires  that  the  ferrite 
toroid  be  captured  in  the  structure  vith  a  slight  "crush"  froe  top  to 
bottoe.  This  is  often  iepleaentcd  in  a  structure  by  a  design  approach 
referred  to  as  a  "soft"  top.  The  top  of  the  vaveguide  channel  is  either 
Bade  froa  soft  aetal  or  is  thin  enough  to  flex  slightly,  or  both. 

The  insertion  phase  length  of  the  structure  is  dependent  on  the  reaanent 
aagnetization  of  the  ferrite  (see  the  hysteresis  loop  shovn  in  Figure  2-A). 
The  toroids  are  threaded  vith  a  svitching  vire  as  shovn  in  Figures  2-2  and 
2-3,  and  the  insertion  phase  length  is  changed  by  svitching  the  ferrite  to 
different  reaanent  states.  This  svitching  operation  provides  a  controlled 
differential  phase  shift.  A  360  degree  differential  phase  shift  is  achieved 
by  selecting  the  aagnetization  of  the  aaterial  and  the  length  of  the  toroid 
used. 

The  reaanent  aagnetization  (4iiN  )  and  the  saturated  value  (4iiM  )  change  vith 

&  S 

teaperature,  and  the  RF  design  and  aaterial  are  selected  for  operation  over 
a  specified  teaperature  range.  The  RF  pover  of  operation  is  also  an 
influence  on  the  design  and  resultant  perforaance. 
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FIGURE  2-1:  Phase  Shifter  Configurations 


Single  Toroid  Design 


FIGURE  2-4: 


Typical  Hysteresis  Loop  of  a  Latching  Phase 
Shifter  Operating  With  Major  Loop  Switching 
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On*  ch*r«ct*ristic  of  th«  £«rrit«  utorial  that  o£t«n  lapacta  observed 
perforaance  is  "stress  sensitivity"  idiich  is  related  to  the  nagnetostrictive 
properties  of  the  ferrite.  Stress  sensitivity,  in  this  case,  is  evident  by 
changes  in  the  shape  of  the  hysteresis  curve  and,  in  particular,  the  value 
of  the  renanent  nagnetization  and  thus  phase  shift,  as  a  function  of 
external  or  internal  stress.  The  ferrite  eaterial,  as  inplied  previously, 
is  captured  in  the  waveguide  structure  with  soee  controlled  top  to  bottoe 
"crush."  The  crush  nay  change  with  teeperature  since  the  ferrite  and 
■etallic  housing  expand  and  contract  at  different  rates.  The  themal 
expansion  characteristics  of  the  ferrite  and  netal  housing  are  different 
and  this  can  lead  to  significant  (and  often  doainant)  longitudinal  stresses. 
Thus  with  changes  in  temperature  both  top  to  bottoa  (transverse)  stress  and 
longitudinal  stress  will  occur.  Sieilarly  non-unifom  RF  heating  in  the 
ferrite  can  generate  some  internal  stress.  If  the  hysteresis  properties  of 
the  naterial  are  stress  sensitive,  such  effects  cause  erratic  phase  changes 
that  severely  impact  on  phase  shifter  performance;  thus,  materials  with 
hysteresis  properties  (particularly  the  value  of  remanent  nagnetization)  are 
desired  that  exhibit  minimum  sensitivity  to  stresses. 

2.2  REMANENT  MAGNETIZATION 

The  relative  acceptability  of  a  ferrite  material  for  use  in  a  digital  phase 
shifter  depends  strongly  on  the  material's  ratio  of  renanent  magnetization 
to  saturation  nagnetization,  its  coercive  field,  and  time  required  for 
switching  it  from  one  renanent  state  to  the  other.  In  general,  a  "good" 
ferrite  for  digital  phase  shifter  applications  will  have  a  high  renanence 
ratio,  a  low  coercive  field,  and  a  small  switching  tine. 

The  renanence  ratio  is  probably  the  single  most  important  square  loop 
property  as  far  as  microwave  applications  of  ferrite  toroids  is  concerned. 
Ideally,  the  remanent  magnetization  should  equal  the  saturation 
magnetization,  i.e.,  the  renanence  ratio  R^  should  be  1.0.  This  ideal 
situation  is  never  attained  in  practice.  Renanence  ratios  of  0.6  to  9.7  are 
more  normally  encountered. 
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In  a  polycryatalllna  farrita  or  gamat  aatarlal*  tha  aagnatisation  in  tha 
individual  erystallitaa  vill,  dua  to  cryatallina  aniaotropy,  prafar  to  ba 
alignad  along  tha  aasy  (111)  diractiona  (body  diagonala  of  tha  cubic 
atructura)  of  tha  cryatallitaa.  If  nagnatocryatallina  aniaotropy  vara  tha 
only  factor  influancing  tha  nagnatization  in  individual  cryatallitaa,  tha 
raaananca  ratio  for  a  cubic  aatarial  would  ba  approxinataly  0.87.  Tbia  raault 
aasunas  that  in  tha  aaturatad  atata  tha  nagnatization  in  all  cryatala  ia 
parallal  to  tha  appliad  fiald  and  ralaxaa  to  tha  naaraat  aaay  diraction,  or 
body  diagonal,  vhan  tha  fiald  ia  raaovad.  This  idaal  valua  ia  difficult  to 
raaliza  in  practica  bacausa  of  unfavorabla  contributions  fron  othar 
anisotropias  (strass  anisotropy  or  nagnatostriction  and  shapa  anisotropy).  The 
axistanca  in  polycrystallina  aatarials  of  pores  or  voids  and  comers  in  tha 
natarial  also  gives  rise  to  local  daaagnatizing  fields  vhich  vill  lover  the 
resultant  raaananca  ratio  (sea  Figure  2-5).  Thus,  aagnatocrystalline 
anisotropy  vill  tend  to  favor  a  high  rouuience  ratio  idiila  porosity  and  othar 
anisotropias  tend  to  decrease  raaananca  ratio.  If  tha  aagnatocrystalline 
anisotropy  is  large  coaparad  to  othar  anisotropies  and  daaagnatizing  fields 
arising  at  aagnatic  discontinuities  in  tha  aatarials,  the  raaananca  ratio  can 
approach  tha  theoretical  liait  of  0.87.  Thus,  highest  raaananca  ratios  vill  ba 
realized  in  aatarials  having  lov  nagnatostriction,  lov  unfavorabla  internal 
stresses,  and  a  danse,  hoaoganous  aagnatic  structure  with  a  relatively  high 
aagnatocrystalline  anisotropy  (relatively  high  to  othar  unfavorable 
anisotropias). 

A  unidirectional  anisotropy  favoring  high  reaanence  ratio  can  sonatinas  ba 
built  into  a  natarial  by  controlling  its  shape  and  internal  stresses. 

Quenching,  lattice  deforaation,  applied  pressure,  etc.,  are  techniques 
sonatinas  used. 

In  actual  phase  shifter  applications,  tha  ferrite  aatarials  are  not  driven  into 
saturation  with  available  drive  fields.  Tha  hysteresis  loop  on  vhich  operation 
is  based  is  than  not  tha  saturated  loop,  but  rather  minor  hysteresis  loops. 

This  is  particularly  true  with  the  "flux  controlled"  phase  shifter  where  phase 
states  are  changed  by  switching  a  controlled  aaount  of  flux  and  thus  changing 
the  value  of  the  resultant  renanent  aagnetization. 
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Possible  Domain  Configurations  in  Remanent  Toroids 


Th*  iaportant  (and  aeaaurad)  charactaristics  of  toroidal  farrita  aatariala  ara 
praaantad  In  Flgura  2-6.  Tha  raaananca  ratio  ia  tha  ratio  of  tha  raaanant 
aagnatisation  to  tha  aaturatad  aagnatisation  (4iiN^/4iiM^). 

In  Figura  2-6  (4idlp)»  tha  drive  aagnatisation  is  considerably  less  than  4iiH^. 
Tha  drive  field  for  4iiMp  is  typically  five  tines  tha  coercive  field  (B^).  Tha 
4iiNpp  is  tha  raaanant  aagnatisation  at  the  drive  field  used.  At  a  drive  field 
of  SHg.  4itflmj  is  vary  nearly  equal  to  the  reaanant  aagnatisation.  Tha 
squareness  ratio  (indicating  the  squareness  of  the  hysteresis  loop)  is  the 
ratio  of  to  4iiMq  or  4iiHgQ/4iiHjj.  If  the  naterial  is  stress  sensitive,  all 

of  these  neasured  paranaters  vill  change  with  stress. 

To  achieve  a  desired  square  hysteresis  loop,  the  naterial  should  possess  a 
dense  honogenous  nagnetic  structure,  a  high  nagnetocrystalline  anisotropy  and 
lov  nagnetostriction  and  unfavorable  internal  stresses.  A  renanance  ratio  as 
high  as  possibla  and  lov  are  desired  vith  a  unifom  aicrostructure. 

2.2.1  Magnetostriction 

Theory 

Magnetostriction  describes  the  experiaental  fact  that  nagnetic  aaterials  vill 
becoae  defomed  (change  their  physical  length)  vhen  they  are  aagnetized.  The 
defomation  is  neasured  along  the  direction  of  nagnetization.  Magnetostrictive 
constants  are  neasured  along  crystalline  axes.  In  cubic  naterials  this  is 
along  the  111  (body  diagonal)  and  100  (cube  edge)  direction.  Chikazuni  ^ 
states  that  as  the  nagnetization  goes  fron  0  to  M  ,  the  length  of  the  sanple 

9 

vill  change  by: 

*  ^^11  n“2*l*2  * 
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vlMr«  Al/1  is  tbs  fractional  ehanga  in  length,  tha  a^'s  are  direction  cosines 
betvetfi  H  and  the  x,  y,  and  s  crystal  axes,  and  the  0's  are  the  direction 
coaines  betveen  the  aeasured  defomation  and  the  x,  y,  and  s  crystal  axes. 

is  the  aagnetostrictive  constant  along  the  100  direction,  and  is  the 
nagnetostrictive  constant  along  the  111  direction. 

For  example,  if  the  material  becomes  saturated  along  the  cube  edge,  1100],  of  a 
single  crystal  and  the  defomation  is  aeasured  along  this  same  direction,  then 
■  0^  -  1  and  all  others  •  0  so  that: 


If  the  material  vere  saturated  along  the  body  diagonal,  [111],  of  a  single 
crystal  and  the  deformation  measured  along  this  same  direction,  then  each  a  and 
0  become  1/43  so  that: 


For  a  polycrystalline  material  the  random  alignment  of  crystallites  requires 
that  an  average  be  taken  over  various  directions.  When  this  is  done  (under  the 
assumption  that  0^  •  a^),  the  effective  nagnetostrictive  constant  for  a 
polycrystalline  material  is  found  to  be: 

2  3 

^s  "  5  \00  ’  ^  \ll» 

where  the  defomation  is  measured  along  the  direction  of  N.  Then  a 
polycrystalline  material  with  X^qq  «  -1.5X^^^  would  show  no  defomation  along 
the  direction  of  applied  field  as  it  is  brought  from  a  demagnetized  state  to 
saturation.  Internally  some  crystallites  are  elongated  and  others  shortened, 
but  the  net  effect  is  compensated. 


-  16  - 


If  a  Mtarial  ponassM  a  nagatlva  XU  •  1  /t  thea  tba  aatarlal  eoatracta  in 
tha  dlractloo  of  Bagaatlaatioa.  (Corollary)  Pfaysically  coi^rasaiag  tba 
■atarlal  vould  cauaa  the  aagnatisatioo  to  aore  favorably  allgB  ia  tba  diractioa 
of  tba  co^raaaioD.  Ptayaically  atratdiiog  tba  aatarlal  vould  cauaa  tha 
aagaatlaatloB  to  bacoae  lose  aligaad  vlth  tba  diractioa  of  tha  stratchiag. 


If  a  aatarlal  poaaaasaa  a  poaitiva  X(X  -  1 J  t  than  tha  aatarlal  alongataa  la  the 
diractioa  of  aagaatiaation.  (Corollary)  Pfaysically  strotchlag  tba  aatarlal  la 
this  diractioa  vould  cauaa  tba  aagaatlsatlon  to  favorably  allga  la  tha 
strotchlag  diractioa.  Pfaysically  coaprassiag  tba  aatarlal  vould  causa  tba 
aagaatlsatlon  to  bacons  lass  aligned  vlth  the  direction  of  tba  coaprasslon. 


2  3  4 

Gerald  Dionne  *  *  at  MIT  Lincoln  Labs  has  studied  aagnatostrictive  effects  on 
raaananca  axtansivaly.  These  studies  have  sought  ansvars  to  tvo  questions: 

1)  Vhat  affect  does  aagnatostriction  have  on  raaananca  ratios  of 
ferrites  (under  no  axtamal  stress)? 

2)  Bov  does  aagnatostriction  influence  tha  effects  of  externally  or 
internally  applied  stress  on  raaanant  aagnetisation? 

Tha  ansvar  to  question  §2  is  needed  in  order  to  sake  stress  insensitive  phase 
shifters.  Dionne's  paper  ^  treats  this  problea  for  stress  applied  both 
parallel  and  perpendicular  to  the  aagnetisation,  and  the  paragraphs  below 
suanarize  his  findings. 
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Zo  Mch  frain  th*  diraeticni  of  MfiMtisation  (in  tho  aboonco  of  an  appliad 
flald)  is  dataralnad  by  tha  coabinad  af facta  of  aafnatocrystallina  anisotropy 
(ICj)  and  aagnatostriction  (^qq*  aagnatostrictiva  contribution  will 

dapand  dlractly  on  tha  aachanical  straas  (a)  that  is  appliad  to  that  grain. 

Tha  coabinad  anisotropy  straas  anargy  is  givan  byt 

B,  K.I22  22  2  21 


.  I  *^00  *  44  *  *4^] 


vhara 

is  tha  first  ordar  anisotropy  constant  in  units  of 
anargy/voluBOt 

X^00»  sra  tha  nagnatostriction  coafficiants, 

a  is  tha  aachanical  stress  in  units  of  anargy /voluaa, 

tha  «^'s  and  0's  ara  tha  direction  cosines  as  defined 
previously. 

For  a  givan  sat  of  ^00*  Hll'  direction  for  H  vill  result  in  a 

ainiaua  energy,  This  direction  vill  be  the  "easy”  direction.  Note  that 

vhan  o  d  0,  tha  "easy”  direction  is  deterained  by  the  coabinad  affects  of  R^, 
\oo*  Hll*  a  >  0,  tha  usual  "easy"  directions  due  to  anisotropy  alone 

prevail.)  Thus  tha  appliad  stress,  a,  can  cause  a  rotation  of  H  within  each 
grain. 
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Th«  rMMMiic*  rmtiOf  R,  it  th«  coaln*  of  tho  angle  between  the  easy  direction 
of  that  grain  and  the  applied  field  or  average,  aacroscopic,  aagnetisation. 
For  a  poly crystalline  aaterial  the  reaanence  ratio  is  the  average  of  this 
cosine  over  all  individtial  grains.  Of  particular  interest  is  the  sensitivity 
of  reaanence  ratio  to  stress,  or 


'll  stress  sensitivity  of  renanence  ratio. 

The  results  of  stress  sensitivity  (as  reported  by  Dionne)  for  several 
particular  caaea  are  given  below.  (Dionne  sieulated  a  polycrystalline  aaterial 
by  considering  only  the  principal  syaaetry  axes  <100>,  <110>,  <111>,  and 
weighted  thea  by  their  frequency  of  occurrence  3,  6,  and  4,  respectively. 

These  results  represent  soaewhat  of  an  approxiaatlon,  and  therefore  there  is 
little  concern  for  nuabers  carried  to  three  deciaal  places.) 


A)  Stress  applied  parallel  to  M 

a)  For  <0  (all  useful  ferrites  and  garnets): 

«||  .0.1*^. 

There  will  be  no  sensitivity  to  stress  for  or 

SoO  *  ^111  "  ^  Further,  would  appear  to 

be  aorc  iaportant  than 

b)  For  K^>0  (no  practical  ferrites  or  garnets); 

— 1 1  ■  -  . 

So  R^ 

Mo  stress  sensitivity  for  •  0  or  (K^IxXoX^^^* 
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B)  StrMS  applied  perpendicular  to  M 

al)  For  <0  and  <0  (eost  gameta  and  nickel  ferritea) 

#.-0.13^  -0.33 

No  atreaa  aenaitivlty  if  X^qq  •  or  X^qq  -  X^^^  ■  0 

or  |Kj|»oX^. 

Both  X'a  are  equally  ieportant. 

a2)  For  <0  and  X^j^^  >0  (lithiun  ferritea  and  HgMn  ferritea) 


!!■*■  .  -0.13  ^22  ^.05  ^11 


*r- 


No  atreaa  aenaitivity  if  X^qq  ■  -0.38  X^^^*  or  X^qq 
or  |Kj|»oX^. 

In  thia  caae  X^qq  ia  the  doeinant  tern, 
b)  For  R^>0  (No  practical  ferritea) 


n  hll 
j;  -  0.56  g— 


TT 


No  atreaa  aenaitivlty  for  X^^^  >  0  in  either  caae. 

Note:  For  K^>0,  ^  X^^^ 

— 1 1  m  -0.44  - ;  therefore  eateriala  would  be 

6o 

atreaa  inaenaitive  when  K^>0  and  for  atreaa  applied  both 

parallel  and  perpendicular  to  M. 
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In  accordance  vith  this  theory,  to  get  insenaltlvity  to  stress  in  both  the 
parallel  and  perpendicular  cases  would  require  a  aaterial  vith 

Kj  <0,  Xjjj  >0 


and  vith 


\oo  "  • 


"Molecular  engineering"  techniques  can  be  used  to  alter  the  aagnetostrictive 
constants.  For  exaaple,  vithin  a  particular  class  of  aaterials,  a  coapound 
vith  a  positive  can  be  nixed  (reacted)  vith  a  conpound  of  negative  to 

generate  a  resultant  coapound  (solid  solution  of  the  tvo  coapositions)  vith  a 
weighted  average  of  these  tvo  values  of  aagnetostriction.  In  this  case  a 
conpound  vith  sero  value  for  X^j^^  could  be  fomulated. 

As  an  exaaple,  consider  a  solid  solution  of  yttriua-iron  garnet  (TIG)  and 
gadoliniun-iron  garnet  (GdIG)  such  as 

^2.6®^0.a'*5®12  (13.3XGd)J. 

This  coapound  is  a  aixture  of 

86  2/3Z  HG  and  13  1/3Z  GdIG. 


The  neasured  aagnetostrictive  constants  of  TIG  and  GdIG  arc  as  follows; 


TIG 

GdIG 

HG  (13.3ZGd)* 


\oo 

-1.3x10"^ 

0x10"® 

-1.13x10”** 


-2.7x10”* 

-3.1X10”* 

-2.75x10”** 


-2.14x10”* 

-1.86x10”* 

-2.1x10-6* 


*Values  coaputed  fron  weighted  average  for  the  solid  solution  of 
the  tvo  co^positicHis. 
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DimuM  reported  ^  that  the  subatitution  of  for  Pe**^^  in  the  garnet 
atnieture  produces  a  change  in  the  aagnetostrictive  constants  as  follovs: 

Oiange  in  aagnetostrictive  constant  in  garnet  based  on  one  Mn  ion 
per  foraula  unit: 


\oo  \ll 

Mn*^  +67.3x10"®  +14.6x10"®  +35.7x10"® 

Therefore  substituting  the  appropriate  aaount  of  into  the  TIG  (13.3ZGd) 
coapound  can  alter  the  aagnetostrictive  constant  accordingly.  Suppose  that  it 
is  desired  that  be  zero  via  Mn'*’'^  substitution;  the  aaount  of  Nn'*''’  would  be 
0.017  Mn'*’^  ions  per  foraula  unit  [(1.13/67.3)  ■  0.0168]. 

Further  considerations  of  the  various  substitutions  are  as  follows: 


Mn*^ 

loos/Foraula 

Otait 

Hoo 

\ll 

0.0168 

<Hoo 

-  0) 

0 

-2.5x10"® 

-1.5x10"® 

0.188 

^Hll 

•  0) 

+11.52x10"® 

0 

+4.61x10"® 

0.059 

-  0) 

+2.84x10"® 

-1.89x10"® 

0 

0.047 

8 

<\oo 

-  -Xiu> 

+2.06x10"® 

-2.06x10"® 

-0.4x10"® 

The  above  illustrates  the  use  of  aolecular  engineering  to  alter  aagnetostric- 
tive  characteristics;  however  it  should  be  noted  that  the  substitution  of  Mn*^ 
produces  no  coapositions  with  zero  aagnetostriction  (X^qq  ■  X^^i  *  \ 

Xiii  >0  \oo  "  Hll* 
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BxgTi— ntal  Studi»s  (S«il<ctgd  Data  Su—ary) 


Dr.  S.  Ilda  ^  Mssurcd  th«  ufnctostrictive  constants  for  various  rara  earth 
garnets  in  the  early  1960's  while  he  was  at  Bell  Labs.  Bis  data  are  presented 
in  Table  2-1. 

In  the  cubic  garnet  lattice  and  under  renanent  aagnetization  conditions,  the 
aagnetic  aoaents  are  aligned  (without  other  stresses)  with  a  [111]  direction; 
therefore  with  the  aagnetic  noaent  aligned  in  the  [111]  direction,  it  would 
appear  that  is  less  iaportant  than  Vhile  this  aay  be  a  bad 

assuaption  bas^  on  Dionne's  work,  exaaination  of  Dr.  lida's  data  suggests  that 
a  solid  solution  of  TIG  and  TbIG  could  provide  a  coapound  with  X^^^  •  0  at 
25*C.  Figure  2-7  shows  the  variation  of  X^^^  terbiua  content  in  TIG. 

Xj^^^  *■  0  for  a  coapound  coaposed  of  a  solid  solution  of  16. 7Z  TbIG  and  83.32 
TIG. 


A  series  of  coapositions  were  prepared  with  Tb  content  as  a  coapositional 
variable  at  5  different  firing  teaperatures  Measured  data  on  these 
coapositions  are  presented  in  Figures  2-8(a)  and  2-8(b).  [Data  froa  Technical 
Report,  "Advanced  Ferriaagnetic  Materials  Applied  to  Digital  Phase  Shifters," 
RADC  Contract  No.  AF30(602)3490,  conducted  by  Sperry  Microwave  Electronics 
Coapany,  August,  1965.]  These  data  clearly  indicate  iaproved  square  loop 
properties  and  ainiaized  stress  sensitivity  for  the  coaposition  expected  to 
provide  Xj^^^  -  0.  While  the  aagnetostriction  is  greatly  reduced  with  terbiua 
substitution,  the  aicrowave  properties,  particularly  linewidth  and  therefore 
loss  are  not  acceptable  to  support  applications. 

4  7 

Russell  Vest  of  Trans-Tech  Inc.  and  Dioime  *  have  reported  the  results  of 
studies  of  aagnetostrictive  constants  for  Mn'*^'’  doped  TIG.  Measured 
aagnetostrictlve  constant  data  taken  on  single  crystals  of  TIG  (doped  with  Mn) 
are  presented  in  Figure  2-9.  Using  these  values  of  X^qq  and  Xj^2l'  theory 
predicts 

L  0  for  X  -  0.05,  and  -  0  for  x  -  0.07. 
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TABLE  2-1 


Magnetogtrictlve  Constants  For  Various  Rare  Earth  Garnets 
(Data  obtained  by  Private  Coommlcatlon,  Dr.  S.  Ilda, 
University  of  Tokyo,  Tokyo,  Japan) 


78°K 

196®K 

2980K(250C) 

hg 

hoQ 

-1.0  X  10^ 

-1.1  X  10^ 

-1.4  X  10^ 

-3.6  X  10^ 

-3.9  X  10^ 

r2.4  X  10^ 

SmlC 

^100 

+159  X  10^ 

+49  X  10^ 

+21  X  10^ 

-183  X  10^ 

-28.1  X  106 

-8.5  X  106 

£aIG 

Moo 

+86  X  10^ 

+51  X  10^ 

+21  X  10^ 

Mil 

+9.7  X  10^ 

+5.3  X  10^ 

+1.8  X  10^ 

GdIG 

Moo 

+4.0  X  10^ 

+1.7  X  10^ 

M 

O 

Mu 

-5.1  X  10^ 

-4.5  X  10^ 

-3.1  X  106 

TbIG 

Moo 

+67  X  10^ 

-10.3  X  106 

-3.3  X  10^ 

Xin 

+560  X  10^ 

+65  X  10^ 

+12  X  10^ 

IbrIG 

XlOO 

-254  X  10^ 

-46.6  X  10^ 

-12.5  X  10^ 

Xm 

-U5  X  10^ 

-21.6  X  10^ 

-5.9  X  10^ 

HoIG 

Moo 

-82.2  X  10^ 

-10.6  X  10^ 

-3.4  X  106 

Xm 

-56.3  X  10^ 

-7.4  X  10^ 

-4.0  X  10^ 

SrlG 

XlOO 

+10.7  X  10^ 

+4.1  X  10^ 

+2.0  X  10^ 

Mu 

-19.4  X  10^ 

-8.8  X  10^ 

-4.9  X  10f> 

RnXG 

XlOO 

+25.0  X  10^ 

+4.9  X  10^ 

+1.4  X  10^ 

Xiu 

-31.2  X  10^ 

-U.3  X  10^ 

-5.2  X  106 

TbIG 

Moo 

+18.3  X  10^ 

+5.0  X  10 J 

+1.1  X  10^ 

^U1 

-14.4  X  10^ 

-7.1  X  10^ 

-4.5  X  10^ 

NOTE*. 

Fowera  of  10  should  be 

10*^. 
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MAGNET0STRICTIN6  CONSTANT  (A,„)  K 10 


TERBIUM  CONTENT  IN  3 m.00-x)Y,03  xTb^O, 


FIGURE  2-7: 


Magnecostrictive  Constant  (A,-.)  as  a 
Function  of  Terbium  Content  in^YIG-TblG 
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Bxp«riB«ital  MtaaurcMDts  presented  in  Figure  2~10  indicate  insensitivity  at 
X  ■  0.09  and  x  «  0.16,  respectively.  Qualitatively,  the  agreeeent  is  fairly 
good,  i.e.,  a  higher  aanganese  content  for  rJ[  correction  than  for  R||  correc¬ 
tion,  and  the  orders  of  eagnitude  are  correct.  But  detailed,  quantitative 
agreeaent  is  aissing;  experiaentally  it  takes  about  twice  the  Mn  predicted 
theoretically. 

Mn  substituted  in  the  aaount  of  0.09  per  foraula  unit  is  utilized  coaaercially 
for  aost  garnet  aaterials.  This  substitution  level  is  a  result  of  the  data  in 
Figure  2-10.  The  aaterials  are  iaproved  but  still  exhibit  considerable  stress 
sensitivity. 

It  should  be  noted  that  Dionne's  theory  is  built  around  a  Mn'^'^  ion  in  the 
garnet  structure  which  is  substituted  for  Fe**^^.  However,  the  carbonate 
(Hn'^^^CO^)  or  oxide  (Hn'*'^02)  used  as  a  raw  aaterial  puts  Mn  in  the  structure  as 
*2  or  *A.  Mn*^^  does  not  exist  in  stable  fom  as  a  free  oxide.  Therefore 

appropriate  and  controlled  solid  state  cheaical  reactions  aust  take  place  to 
convert  the  Mn  in  the  structure  to  the  Mn'*'^  state.  Soae  of  the  cheaical 
reactions  of  iaportance  are  as  follows: 

Mn^^COj  - Mn*^0  ♦  COj 

2Mn*^C»3  - >  Mnj'^^Oj  +  CO  ♦  COj 

+4  >_  535«C  .3 

AMn^^Oj  - >  2Mn2*^03  ♦  Oj 

Froa  these  reactions  it  is  evident  that  Mn  can  exist  in  the  structure  as  a  *2, 
*3,  or  +A  ion  and  therefore  one  cannot  be  certain  that  the  desired  -^3  state  is 
reached  .  Large  substitutions  (0.2)  of  Mn  appears  to  alter  the  aeasured 
properties  of  the  coapound  to  indicate  second  phase  foraation. 

Nonetheless,  Mn,  even  with  these  uncertainties  is  presently  the  substitution 
most  often  used  to  reduce  stress  sensitivity  in  garnets  and  spinels. 

Figure  2-11  presents  data  on  the  variations  of  the  magnetostrictive  constants 
of  lithium  ferrite  (spinel)  with  Mn'^'^  concentration.  In  this  magnetic 
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0.1 


0.2 


0.4 


as 


I  (Mn^^  lent/ formula  unit) 


Variation  in  the  Rooa-Teiif>erature  Hagnetostriction 
Constants  of  Lithium  Ferrite  with  Mn3+  Concentration 
(After  Van  Hook  and  Dionne) 


eoi^uiidy  «  concentration  of  0.13  Nn'*’^  iona  par  foraula  unit  appaara  to  ba 

ideal  to  adjuat  the  aagnitudaa  of  both  and  valuaa.  Thia 

ia  a  unique  and  valuable  aituation  for  theae  videly  uaed  apinela. 

Dionne' a  vork  pointa  out  aoae  intereating  facta  about  the  influence  of  anall 
quantitiea  of  Mn^^i  Co^^t  end  Fe'*'^  iona  on  nagnetoatriction  Bia  June  1979 
"Journal  of  Applied  Fhyaica"  paper  offera  an  explanation  for  the  occurrence  of 
theae  effecta.  The  explanation  ia  baaed  on  the  effecta  of  cryatalline  electric 
fielda  on  energy  levela  of  theae  iona,  all  of  which  are  non-S>atate  and 
therefore  have  apin  orbital  coupling. 

A 

Mn'*''^  ions  produce  large  poaitive  changea  in  nagnetoatriction  when  they  occur  in 
octahedral  aitea  of  either  apinela  or  gameta.  Divalent  aanganeae  (Mn'*’^)  ia  an 
S-atate  ion  and  would  not  ahow  auch  an  effect.  Manganeae  doping  doea  not 
appear  to  atrongly  affect  nagnetocryatalline  aniaotropy. 

Co**^^  iona  on  octahedral  aitea  appear  to  produce  large  negative  changea  in  X^qq 
and  negligible  changea  in  (See  Reference  9). 

♦2 

Fe  iona  produce  large  poaitive  changes  in  X^^^  and  negligible  changes  in 

\oo' 

Since  the  occurrence  of  Fe'*’^  in  either  spinels  or  garnets  is  disastrous  for 
dielectric  loss  tangents*  divalent  Fe  cannot  be  considered  to  iaprove 
■agnetostrictive  characteristics. 

The  nagnetostrictive  effects  of  cobalt  are  of  soae  interest  since  it  will 
appear  as  a  side  effect  in  naterials  whose  is  controlled  by  cobalt 
additions.  Cobalt  additions  will  also  change  spinwavc  linewidth  and 
anisotropy.  Hanganese  additions  seen  to  provide  control  of  nagnetostriction 
with  nininal  side  effects. 
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For  c«f«r«ne«  purposMi  Tablt  2-2  lists  ths  ugnstostrietlvs  constants  and 
anisotropy  fields  for  aany  gamat  and  spinal  coapounds.  Tha  gamat  coapounds 
(TIG  and  hybrid  TIG  aatarials)  exhibit  proainant  aagnatostrictiva  (or  stress 
sensitive)  characteristics.  Since  these  coapounds  are  othervlse  extreaely 
valuable  and  iaportant  to  phase  shifter  applications »  reducing  and  controlling 
the  stress  sensitivity  of  these  aatarials  would  be  a  aajor  technical 
advanceaent. 

Many  of  the  spinel  coapounds  are  stress  insensitive  particularly  the  HgHn 
ferrites. 

It  is  noted  however  froa  the  data  in  Table  2-2  that  the  aagnetostrictlvc 
constants  of  these  spinels  are  often  auch  larger  than  the  garnet  aatarials. 

Vby  then  are  the  spinels  less  stress  sensitive  and  is  it  really  desirable  and 
necessary  to  dope  the  aagnetostrictive  constants  to  zero? 

It  was  previously  pointed  out  that  the  coabined  anisotropy  (R^)  and  stress  (e> 
energy  collectively  act  on  the  aagnetic  aoaents  in  the  aaterials.  If  the 
anisotropy  energy  (field)  is  such  larger  than  the  stress  (aagnetostrictive) 
energy,  then  the  aaterials  would  exhibit  low  stress  sensitivity  regardless  of 
the  value  of  the  aagnetostrictive  constants.  This  is  believed  to  be  the 
situation  in  spinels  (anisotropy  energy,  is  such  larger  than  stress  energy. 

The  anisotropy  field  in  garnets  is  auch  lower  than  that  of  the  spinels  and  thus 

stress  energy  is  aore  evident  and  soaetiaes  doainant.  The  following  table 

(Table  2-3)  lists  values  to  coapare  these  anisotropies  in  TIG  with  lithiua 

2 

ferrite  and  MgNn  ferrite.  In  this  table,  a  400  kg  weight  on  one  ca  is  used  as 
a  stress.  This  corresponds  to  approxiaately  137  psi  or  a  o  of  3.92x10^ 

3 

Joules/M  .  It  is  noted  that  the  ratio  of  R^  to  o  is  auch  lover  for  TIG  than 
the  spinels. 

These  nuabers  reinforce  the  idea  that  aagnetocrystalline  anisotropy  (K^) 
overrides  the  effects  of  aagnetostriction  in  soae  aaterials.  Host  spinels  have 
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TABLE  2-2 


B«port«d  itoyi€tostrictiv«  Consfnts  Mid 
Anisotroi^  Fields  tor  So—  Garnet  and  Spinel  Coapounda 

lit  25*C 


■4  3 

GaxiMts 

hoo. 

(10-*) 

(10-®) 

<10"*) 

ergs/ou'* 

(10^) 

5i 

N 

issl 

-43.0 

Bef 

^3^*5®12 

-1.3 

-2.7 

-2.1 

-6.0 

1 

V*A.74*'"0.26°12 

1^16.2 

♦1.1 

♦7.1 

- 

- 

1 

V*4.36®*0.64°12 

-1.4 

-1.7 

- 

- 

- 

2 

®^3^*5®12 

- 

-3.1 

-1.9 

-7.0 

- 

3 

Dy3P«50i2 

-12.5 

-5.9 

-8.5 

-10.0 

- 

3 

EuIG 

♦21.0 

♦1.8 

♦9.5 

-3.0 

-350.0 

3 

TbIG 

-3.3 

♦12.0 

♦5.9 

-10.0 

— 

3 

Tb3F.50i2 

♦1.1 

-4.5 

- 

-7.0 

-41.5 

3 

®V*5®12 

♦2.0 

-4.9 

- 

-7.0 

-100.0 

3 

SOZTIG-SOZGdlG 

Substitution 

-0.65 

♦69.0 

-2.9 

♦14.0 

-2.0 

♦36.0 

- 

- 

Spiocla 


NiPUjO^ 

-45.9 

-21.6 

-31.0 

-63.0 

-200.0 

4 

HgPUjO^ 

-11.1 

♦2.3 

-3.0 

-25.0 

-226.0 

5 

MnPcjO^ 

-26.0 

♦4.5 

-7.7 

-29.0 

-53.0 

6 

*'*0.5^*2.5°4 

-25.6 

♦2.3 

-8.9 

-90.0 

- 

7 

**^0.65^0.35^*2°4 

-33.7 

-13.2 

-21.4 

-25.0 

- 

8 

802Li-20ZZnFe 

-22.4 

♦4.5 

-6.3 

- 

_ 

36ZLi-64ZZnFe 

Mn'*''’Substitution  in 

-11.1 

♦2.3 

-3.1 

- 

- 

Spinels 

♦215.0 

-10.0 

♦80.0 

- 

— 

F«304 

-20.0 

♦78.0 

♦39.0 

- 

-230.0 

CoFOjO^ 

-730.0 

♦130.0 

-214.0 

- 

- 
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\oo- 

(10“*) 

(lo-*) 

X 

*  -4 

dO”**) 

3 

ecgs/a 

h 

M 

issl 

^0.8^*2.2®4 

-590.0 

4120.0 

-164.0 

^0.3*^).2^*2.204 

-210.0 

4110.0 

-18.0 

- 

- 

®®0.3""0.4^*2.0®4 

-200.0 

465.0 

-41.0 

- 

- 

*‘^).98^*1.86®4 

-35.0 

1.0 

-14.6 

- 

- 

%.6*"0.1*'*2.1°4 

-14.0 

414.0 

42.8 

- 

- 

**^0.8^*2.2®4 

-36.0 

-4.0 

-16.8 

- 

- 

***0.3^.45^*2.25®4 

-15.0 

411.0 

40.6 

- 

- 

"“0.l'*2.9®4 

-16.0 

475.0 

438.6 

- 

- 

Mn0.6Pe2.404 

-5.0 

445.0 

425.0 

- 

- 

**"0. 96^*2. 05®4 

-22.0 

45.0 

-5.8 

- 

- 

MgMnFe 

-10.0 

42.4 

-2.6 

- 

- 

Rcfcrgnccs  for  Table  2-2 

1.  G.F.  Dionne,  IEEE  Trans  Hag.  7,  p.71S  (1971) 

2.  G.F.  Dionne,  J.  Appl.  Phys.,  p.4486  (1969) 

3.  S.  lida  (See  Table  2-1) 

4.  E.V.  Lee,  Repts.  Proj.  Phys.  XVIII,  184,  (1955) 

5.  A.B.  Saith  and  R.V.  Jones,  J.  Appl.  Phys.  J7^,  p.lOOl  (1966) 

6.  Migata  and  Funatogava 

7.  B.J.  Van  Book  and  G.F.  Dionne,  AIP  Conf.  Proc.  p.487  (1975) 

8.  G.F.  Dionne,  Lincoln  Lab  TR-737,  Nov.  1985 
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TABLE  2-3 

Cooparlson  of  Anisotropies  in  TIG  with  Lithium  end  MgHn  Ferrite 


fi  !>•  *1  Kj 


Material 

>ioo 

*111 

(•O.92zl0^J/ll^) 

V 

TIG 

-600  -1.3x10“^ 

-2.7x10"* 

-2.1X10-6 

-80 

-7.5 

Li>Fe 

-9000  -26.0x10“* 

♦2.3x10"* 

-8.9X10-6 

-350 

-26 

NgNn-Fc 

-2000  -10x10"* 

2.4x10"* 

-2.6x10"* 

-100 

-20 
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larg*  anisotro^  as  avidancad  by  thair  ralatlvaly  broad  linavidths.  In  thasa 
situations  littla  is  gainad  by  raducing  tha  aagnitudas  of  aagnatostrictiva 
emistants.  Bovavar,  if  tachniquaa  ara  availabla  to  aolacular  anginaar  and 
to  naar  0»  such  lov  valuas  would  provida  strass  insansitiva  farrinagnatic 
■atarials  and  parhaps  inprova  tha  hystarasis  charactaristics  toward  bighar 
valuas  of  raaanant  nagnatisation  (hystarasis  loops  would  ba  aora  squara). 

Su— ary 

Tha  hystarasis  propartias  of  tha  garnat  coapounds  axhibit  considarably  aora 
strass  sansitivity  than  do  tha  farrita  spinals.  This  is  baliavad  to  ba  due  to 
tha  doainanca  of  aagnatocrystallina  anisotropy  relativa  to  aagnatostrictiva 
anisotropy  in  tha  spinals.  In  tha  hybrid  TIG  coapounds  thasa  anisotropy 
strassas  ara  aora  coaparabla  in  value  and  thus  thasa  aatarials  aora  readily 
axhibit  sansitivity  to  strass. 

Farrinagnatic  coapounds  and  associated  substitutions  have  bean  identified  with 
a  wide  range  of  aagnatostrictiva  ron^tants. 


In  the  nicrowava  cubic  coapounds  (both  garnets  and  spinals)  whan  tha  aagnatic 
aonants  ara  "latched"  to  tha  raaanant  state  of  aagnatisation»  tha  aagnatic 
nonants  relax  to  tha  closest  (111]  (body  diagonal)  crystallographic  direction. 
Since  tha  aagnatic  aoaants  arc  core  likely  to  ba  aligned  with  these 
crystallographic  directions,  this  would  suggest  the  aagnatostrictiva 
characteristics  in  this  direction  (^^l^  would  be  nost  iaportant  and  aolacular 
anginaaring  techniques  should  be  utilised  to  adjust  X^^i  ' 

(according  to  tha  data  of  Dionne  presented  in  Figure  2>9)  this  requires  a  Mn'*’^ 
ion  par  fomula  unit  of  0.2.  (This  assuaas  that  the  Mn  substituted  into  the 
garnets  as  Mn'*'^  or  Mn'*'^  ions  is  reacted  to  reach  the  Mn***^  desired  state.) 
Higher  Mn  substitutions  (0.15  to  0.18)  in  hybrid  TIG  coapounds  do  appear  to 
reduce  tha  stress  sensitivity  of  these  aatarials;  however  difficulty  is 
encountered  in  achieving  good  single  phase  coapounds  with  these  higher  levels 
of  Mn.  The  iaproveaants  observed  therefore  aay  be  due  to  altering  other 
properties  (such  as  aagnetocrystalline  anisotropy  and  aicrostructure)  rather 
than  aagnetostriction. 


In  a  phasa  ahlftar,  strassaa  dua  to  haating  and  cooling  tha  atructura  vill  aost 
likaly  not  ba  along  tha  diractlon  of  tha  rananant  aagnatisation,  thus  tha 
potantial  iapoctanca  in  this  situation  of  X^qq  rathar  than  It  would 

appaar  that  to  totally  coapansata  aagnatostrictiva  affacts  t^t  both  X^qq  and 
X^lj^  should  possass  valuas  as  closa  to  saro  as  possibla. 


3.0 


PROGRAM  PLAN 


3.1  BASELINE  TEST  VEHICLE 

An  nxisting  X^band  dual  toroid  taat  atructura  (saa  Pifura  2-l(c)  and  Figura  2>3] 
vas  salactad  aa  tha  baaalina  taat  vahicla. 

Thia  atructura  had  pravioualy  baan  davalopad  for  utilization  aa  a  phaaa  ahiftar 
in  an  aarliar  NRL  program.  Tha  gamat  aatarlal  uaad  in  thia  baaalina  phaaar  vaa 
Trana>Tach  6-1002*  vlth  a  0.09  Mn  aubatitution.  Thia  atructura  uaaa  a  "drua" 
top  to  captura  tha  farrlta  aatarlal.  RF  input  and  output  porta  ara  doubla 
ridgad  vavaguida. 

Excallant  rooa  taaparatura  RF  parforaanca  vaa  achiavad  In  thia  atructura. 
Hovavar,  Figura  3-1  llluatrataa  tha  typical  diffarantial  phaaa  ahift  obaarvad  aa 
a  function  of  taaparatura.  A  phaaa  hyataraaia  ia  obaarvad  vith  ovar  10*  changa 
batvaan  incraaaing  taaparatura  and  dacraaaing  taaparatura.  In  thia  aatarlal  a 
clockviaa  hyataraaia  raaponaa  la  obaarvad.  Thia  hyataraaia  raaponaa  la  dua  to 
tha  aatarlal  poaaaaaing  atraaa  aanaitiva  charactariatica  and  tha  atraaa  baing 
axpariancad  ia  dua  to  tha  diffarancaa  in  tha  tharaal  axpanaion  coafficianta  of 
tha  aatalllc  houaing  and  gamat  aatarlal.  Tha  aliaination  of  thia  affact  ia  tha 
priaa  thruat  of  tha  program. 

Thia  undaairabla  charactariatic  ia  vary  datriaantal  to  diffarantial  phaaa  ahift 
typa  RF  avitchaa  idiara  tha  phaaara  ara  utilizad  in  a  diffarantial  phaaa  bridge 
configured  aa  a  avitch.  The  atructura  utilizaa  aagic  taaa  aa  tha  input  and 
output  taminala  vith  a  phaaa  ahiftar  in  each  ara  aa  ahovn  achaaatically  in 
Figure  3-2. 


*  G-1002  ia  a  atandard  garnet  compound  manufactured  by  Trans-Tach,  Inc., 
Adaaatovn,  Maryland.  G-1002  ia  a  gadolinium  doped  yttriua  iron  garnet  (a 
mixed  Gdl6-7I6  coapound)  vith  a  rooa  taaparatura  4nH  of  1000  gauss.  A 
aubatitution  of  0.09  Mn  in  garnet  aatarials  is  an  often  used  recommendation  by 
Trans-Tech  to  improve  the  hysteresis  characteristics  and  reduce 
aagnatoatriction. 
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fIGURE  3-2  SCHEMATIC  OP  DIFFERENTIAL  PHASE  SHIFT  CIRCULATOR 

For  operation,  180*  degrees  of  differential  phase  shift  is  required.  Often  90* 
phasers  are  used  vith  a  "designed  in"  90*  offset.  Figure  3-3  presents 
the  total  available  relative  insertion  phase  shift  in  each  channel  vith  the  90* 
offset  between  channels.  Note  the  hysteresis  vith  teaperature  observed 
in  each  phase  state  (long  and  short)  of  the  phasers.  The  short  states  exhibit 
clockvise  hysteresis  and  the  long  states  exhibit  counterclockvise 
hysteresis.  This  hysteresis  effect  is  further  noted  in  Figure  3-4  which  plots 
the  phase  difference  (90*  desired)  between  the  short  and  long  state  for  each 
channel.  In  channel  B  a  phase  hysteresis  vith  temperature  of  nearly  20*  was 
observed.  Channel  A  is  auch  better  vith  about  8*  of  hysteresis.  This  type 
performance  related  to  stress  sensitivity  of  the  aaterial  is  extremely 
detrimental  to  the  desired  and  required  RF  performance  of  high  power  switches. 

These  data  illustrate  the  problems  arising  from  stress  sensitive  materials  and 
associated  RF  structures.  This  is  the  problem  that  this  program  has  addressed. 

3.2  FERRITE  MATERIAL  STRESSES  IN  VAVEGUIDE  PHASER  STRUCTURES 

The  various  potential  stresses  that  a  ferrite  toroid  may  experience  in  a 
waveguide  phaser  structure  are  illustrated  in  Figure  3-5.  Some  of  the  stresses 
are  due  to  physical  dimensions  and  associated  tolerances;  some  result  from 
structural/assemble  requirements  of  the  phaser  and  others  result  from 
environmental  performance  requirements  (structural  changes  vith  ambient 
temperature  and  RF  power  heating). 

Each  of  these  are  listed  and  illustrated  in  Figure  3-5. 
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FIGURE  3-3  TOTAL  AVAILABLE  PHASE  SHIFT  IN  EACH  CHANNEL  OF  SWITCH 
SCHEMATIC  SWW  IN  PIcmE  3-2  WITH  "DESIGNED  IN"  90* 
OFF  SET. 


FIGURE  3-4  PHASE  DIFFERENCE  (90*  DESIRED)  BETWEEN  SHORT  AND  LONG 
STATE  EACH  CH/WNEL  AS  A  FUNCTION  OF  TEMPERATURE. 
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POTENTIAL  STRESSES 


M  Ce«pr«%« ion/T^nt ion  alen3  tko  lonjth  occur*  fron  difforontiol 
•xpontin  of  iho  housing  ond  forrito  notorial  with  tonporoturo. 
Extronoly  Doirinontol  to  photo  xhiftor*. 

Cruih  Comprottion  and  Roliof:  top  to  bottom  of  Photo  Shiftor: 
Nocoitory  for  ^ood  RF  por fornonco :  coo  bo  vory  dotrinontol  to 
photo  thiftor  porfornoneo  vith  tonporoturo. 

Difforontiol  $trott  fron  toft  top  RF  ttructurot  (noro  ttrott 
OK  outtido  I03  than  contor  I03  in  duol  toroid  ttructurot. 

Sido  to  tido  ttrott  -  net  boiiovod  to  bo  o  major  ttrott  problom 
i R  pho to  thiftort. 

OifforoRtiol  Expontion  of  forrito  notorial  duo  to  RF  hootinq  - 
(noro  in  contor  I oq  then  in  outtido  I03):  noy  bo  dotrinontol  to 
porfornoneo  at  high  RF  power. 

Bonding  from  toloroncot  in  ttructuro:  Forrito  hyttorotit  proportiot 
vory  toniitivo  to  Ihit  typo  of  ttrott. 

Twitting  -  Structure  related  *  not  believed  to  be  o  major  ttrott 
problon  in  photort. 


FIGURE  3-5 


3.3 


STATIC  STRESS  TEST  FIXTURES 


TIm  progrw  Includad  both  static  and  RF  taats  vlth  straaa.  Coaparativa 
avaluation  of  thaaa  data  hopafully  vould  provlda  for  full  strass  sansitivity 
assaasaant  froa  only  static  taats  of  astarials. 

A  standard  tast  fixtura  In  tha  farrita  lab  vas  availabla  to  strass  thin  vallad, 
squara  cross  saction,  round  toroid  saaplas  (standard  aatarial  tast  saaplas  in 
tha  Farrita  Lab).  Figura  3-5  (insat  A)  shows  this  configuration. 

A  spacial  tast  fixtura  vas  dasignad  and  fabricatad  to  parfora  controllad  static 
stress  tests  on  tha  specific  squara  toroids  to  be  used  in  tha  dual  toroid  phasar 
structure.  Schaaatics  of  this  structure  are  shovn  in  Figures  3-6  and  3-7.  Tha 
S-shapad  coaponant  in  this  fixtura  is  a  pressure  (strain)  gauge  vlth  a  voltage 
output  calibrated  in  pounds  of  pressure.  With  knovladga  of  the  diaansions  of 
tha  saaplas  a  pressure  in  pounds  par  squara  inch  (PSI)  could  be  coaputad. 

Rather  thin  vallad  toroids  vara  to  be  evaluated  and  it  vas  observed  in 
axpariaanting  vlth  this  fixtura  that  any  distortion  of  tha  saapla  (banding* 
tvisting*  bulging  out  of  tha  side  vails)  severely  distorted  tha  observed 
hysteresis  loop.  Tha  desire  vas  to  provide  a  unidirectional  strass  (relative  to 
N)  without  saapla  distortion.  Saapla  flatness  vas  vary  iaportant.  It  vas 
observed  that  tha  tast  fixtura  vas  bast  suited  for  longitudinal  coaprassiva 
stress  on  tha  phasar  toroids.  This  stress  direction  is  perpendicular  to  tha 
average  direction  of  the  reaanent  aagnetization  in  the  toroid  saapla.  Tha 
"cnish*  direction  (top  to  bottoa,  partially  parallel  to  N)  vas  studied  on  aany 
of  tha  saaplas;  however  flatness  and  vail  distortion  of  tha  toroids  appeared  to 
negate  tha  intrinsic  value  of  these  transverse  strass  aaasureaants;  thus 
longitudinal  strass  aeasuraaants  vara  priasrily  conducted. 

Tha  level  of  stress  in  pounds  par  squara  inch  (PSI)  experienced  by  the  toroids 
in  phase  structures  vas  initially  unknown.  Therefore*  tests  vara  initially 
conducted  froa  0  to  4(X)0  PSI. 

Tha  tast  fixtura  vas  initially  evaluated  using  the  TIG-TbIG  samples  previously 
discussed  in  Section  2.  Both  thin  vailed  square  and  round  cylindrical  toroids 
were  available  for  evaluation.  Figure  3-8  lists  the  anticipated 
aagnetostrictive  constants  for  the  coapounds  available.  These  results  are  for 
solid  solutions  of  TIG  and  TbIG  using  the  single  crystal 
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44 


sciirwATir  Of  rumti  i««  ^T•Tn  srtiss  tfsts 

(Top  fo  Vottos  o«*  Toroid) 


IRE  FOR  STRESS  TESTS 
nal  Stress) 


nc  -  TMG  MATERIALS 
At  25*C 

(Thin  Walled  Square  Toroid  Saaples) 


lint«rial 

Mngnntostrlctlve 

Conntnnts 

Expected  Changes  In 
8]mtexesls  Properties 
Vlth  Stress 

6-352 

TI6 

Xjoo  -  -l.<  »  10-* 

Top  to  Botton  Br  f 

.  -2.4  X  10"^ 

End  to  End  Br  | 

k 

TbI6 

XjQjj  •  -3.3  X  10"* 

Xlll  •  +12  X  10"* 

G-3S3 

902  TI6  •  lOZ  TbIG 

Xioo--i-«  *10-* 

f 

Top  to  Botton  Br  f 

Xjjj  .  -0.96  X  10"* 

End  to  End.  Br  | 

« 

<i-354 

83.3Z  TI6  •  16.7Z  TbIG 

Xjoo  -  -!•»  *  10-* 

Hll  •  ® 

0 

6-355 

75Z  TIG  •  2SZ  TbIG 

XlOO  -  -1.88  X  10"* 

> 

Top  to  Botton  Br  | 

Xlll  .  *1.2  X  10"* 

End  to  End  Br  | 

k 

6-356 

65Z  TIG  •  3SZ  TbIG 

>100  -  -2-®’  *  I®"* 

f 

Top  to  Botton  Br  ^ 

Xjjj  -  +2.64  X  10"* 

End  to  End  Br  f 

FIGURE  3-8 
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and  data  raportad  by  lida  (aaa  Tabla  2-1).  Thaaa  taat  aaaplaa  vara 
polyeryatallina»  and  tha  axpactad  chants  in  raaanant  nagnatiiation  vith  atraaa 
ara  notad  in  Figura  3-8.  Figura  3-9  lists  tha  obsarvad  changas  in  tha 
hystarasis  loops  vith  strass.  Thasa  obsarvations  ara  fully  consistant  vith 
axpactad  changas  and  tha  6-354  compound  (16. 7Z  TbIG)  vith  a  coaputad  to  ba 
saro»  axhibitad  no  obsarvsbla  strass  sansitivity  to  both  top  to  bottoa  and 
longitudinal  coaprassiva  strass. 

Photograidis  of  tha  hystarasis  charactaristics  vith  longitudinal  coaprassiva 
strass  ara  prasantad  in  Figuras  3-10*  3-11  and  3-12.  Figura  3-10  is  TIG  vhich 
is  vary  strass  smsitiva.  Figura  3-11  la  tha  16. 7Z  Tb  substitutad  TIG.  This 
compound  axhlbits  no  obsarvsbla  strass  sansitivity.  Figura  3-12  is  a  35Z  Tb 
substitutad  TIG.  In  this  compound  has  baan  aolacularly  changad  to  a 
poaitlva  valua.  Longitudinal  coaprassiva  strass  should  support  aagnato- 
cryatalllna  anisotropy  in  this  casa  (tandancy  to  incraasa  Br  and  incraasa  He). 

Thasa  photos  do  not  indicata  any  significant  obsarvad  incraasa  in  Br,  but  the 
loop  does  appear  to  ba  ballooned  out,  perhaps  as  a  result  froa  He  increasing. 

Thasa  data  ara  significant  in  encouraging  aolacular  anginaaring  techniques  to 
reduce  strass  sansitivity  in  garnets  and  tha  ability  to  observe  iaprovaaants  in 
static  stress  tests. 

During  Phase  I  (first  year  of  tha  prograa)  tha  static  test  fixture  shovn  in 
Figura  3-6  and  3-7  van  used  extensively  to  characterise  the  stress  sensitivity 
of  the  aatarials  up  to  4000  FSI.  Considerable  data  taken  using  this  fixture 
vare  prasantad  in  tha  Phase  I  report.  By  coaparing  the  static  stress  response 
froa  this  fixture  vith  that  obsarvad  froa  the  actual  phaser  structure  (top  to 
bottoa  crush  characteristics)  in  tests  perforaed  during  Phase  I,  it  vas  apparent 
that  the  top  to  bottoa  stress  applied  to  the  toroids  in  the  phaser  dual  toroid 
structure  vas  considerably  less  than  1000  PSI.  Hore  careful  investigations 
Indicated  that  the  top  to  bottoa  crush  stress  never  appeared  to  exceed  100  PSI. 
This  observation  suggested  that  if  materials  vere  to  be  fully  evaluated  froa 
static  tests  only,  that  auch  lover  stress  levels  should  be  used  than  initially 
anticipated. 
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ILLUSTRATION  OF  HYSTERESIS  CHARACTERISTIC  OF  TIG  TOROID 
UNDER  LONGITUDINAL  COMPRESSIVE  STRESS 


XjQQ  AND  ARE  BOTH  NEGATIVE  FOR  YIG. 


ILLUSTRATION  OF  HYSTERESIS  CHARACTERISTIC  OF  (YIG  .  16. 7X  TbIG) 
LONGITUDINAL  COMPRESSIVE  STRESS 


XjQQ  IS  NEGATIVE}  -  0 


354  -  YIG  .167  Tb  4000  PSI 
FIGURE  3-11 


ILLUSTRATION  OP  HYSTERESIS  CHARACTERISTIC  OF  (65Z  TIG  .  35Z  TbIG)  UNDER 
LONGITUDINAL  COMPRESSIVE  STRESS 


XjQQ  IS  NEGATIVE;  IS  POSITIVE 


356  -  YIG  .35  Tb  2000  PSI  356  -  YIG  .35  Tb  3000  PSI 


356  -  YIG  .35  Tb  4000  PSI 
FIGURE  3-12 


After  considerable  tests  of  aaterlals  at  such  lover  stress  using  the  fixture 
ahovn  in  Figure  3-6  and  3-7,  it  vas  concluded  that  this  test  fixture  vas  not 
suitable  for  reproducible  static  evaluation  of  naterials  at  stresses  belov  500 
PSI.  Stress  levels  could  not  be  reproduced  and  the  lov  pressure  levels  desired 
changed  vith  tine  apparently  fron  creep  and  theraal  expansion  associated  vith 
the  test  fixture. 

A  nuaber  of  nev  static  teat  fixtures  vere  evaluated  and  the  fixture  yielding 
beat  correlation  of  static  tests  vith  RF  phaser  perforaance  is  shovn  in  Figure 
3-13.  This  test  fixture  is  siailar  to  the  phaser  structural  environaent.  The 
fixture  can  accoaaodate  four  toroids  at  once.  One  inch  long  toroids  vere  used; 
hovever,  the  fixture  could  be  readily  adapted  for  any  size  and  shape  toroid. 
Stress  (pressure)  vas  controlled  through  the  use  of  netal  shins,  and  rubber 
stress  relief  vas  incorporated  in  a  siailar  fashion  to  that  used  in  the  phaser 
housing.  This  test  fixture  is  referred  to  as  the  Phaser  Siaulator  Test  Fixture 
(PSTF). 

Tvo  such  fixtures  vere  used  alloving  for  the  evaluation  of  eight  toroids 
(naterials)  during  the  sane  test  run.  Pour  one  inch  long  toroids  vith  the  saae 
cross  sectional  dinensions  vere  aounted  in  each  test  structure.  Stress  vas 
adjusted  via  shins  to  100  PSI  as  deterained  by  conpression  characteristics  of 
the  rubber  in  the  stress  path.  This  test  fixture  alloved  for  generation  of 
repeatable  stress  levels  and  also  created  a  static  stress  environaent  very 
siailar  to  phaser  structure.  The  entire  test  fixture  vas  placed  into  an 
environaental  chaaber  for  the  aeasureaent  of  hysteresis  characteristics  as  a 
function  of  teaperature. 

The  PSTF  structure  utilizes  the  saae  silicone  solid  rubber  naterial  used  in  the 
soft  top  phase  shifter  housings.  The  typical  rubber  thickness  used  vas  1/32 
inch  (aeasured  to  be  0.034"  thick).  The  force  in  PSI  required  to  coapress  the 
rubber  vas  supplied  by  the  aanufacturer  (CBR  Industries,  COBR  lastic  300).  For 
exanple,  to  coapress  the  rubber  401  required  90  PSI.  This  requires  the  rubber 
thickness  to  be  conpressed  to  a  thickness  of  0.0204".  The  anount  of  compression 
(in  alls)  vas  controlled  by  varying  the  dinensions  of  the  steel  plate  shovn  in 
Figure  3-13.  The  coapressed  response  data  supplied  is  linear.  By  controlling 
the  coapression  of  the  rubber,  the  stress  on  the  ferrite  toroid  could  be  varied 
and  controlled.  Typical  procedure  vas  to  measure  the  hysteresis  properties 
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of  tho  Mtorial  in  the  PSTF  vlth  no  stross  at  25*C.  The  rubber  requires  a 
coapression  set  after  pressure  is  applied  that  is  achieved  by  12  hour 
teaperature  soak  at  110*C.  The  coapression  set  reduces  the  stress  to  8SX  of  its 
initial  value.  For  a  desired  PSI  stress  on  the  ferrite  asterial,  the  required 
rubber  coapression  vas  coaputed  and  iapleaented  in  the  PSTF  accounting  for  the 
85Z  coapression  set.  Hysteresis  properties  were  again  aeasured  before  and  after 
the  coapression  set.  These  knovn  and  aeasured  characteristics  allowed  the  PSTF 
to  be  used  successfully  up  to  stress  levels  of  500  PSI.  In  addition,  the 
coaputed  stress  characteristics  of  the  structure  considering  the  coefficient  of 
theraal  expansion  of  each  coaponent  indicated  constant  stress  (±5  PSI)  up  to 
100»C. 

Considerable  tiae  and  effort  were  devoted  to  this  area.  It  is  believed  that  the 
accuracy  and  reproducibility  of  the  PSI  levels  resulting  froa  this  procedure 
were  never  worse  than  ^102. 

The  PSTF  structure  was  used  to  evaluate  the  stress  characteristic  of  all  the 
aaterials  studied  during  the  prograa.  The  data  froa  the  PSTF  correlated  well 
with  that  collected  froa  actual  dual  toroid  phase  shifter  structures.  Data 
collected  using  the  PSTF  are  presented  in  Section  7. 

3.4  MANGANESE  CHEMISTRY 

A 

As  discussed  in  Section  2,  Mn'*''’  substitution  in  garnets  has  been  observed  to 
reduce  the  stress  sensitivity  of  these  coapounds.  Mn*^  has  been  successfully 
substituted  for  Fe''''^  in  the  structure  in  aaounts  up  to  0.1 

ions/fomula  unit  without  second  phase  detection.  In  aaounts  above  this  level, 
second  phase  fomation  is  likely.  The  garnet  structure  readily  accepts  only  ••■3 
ions  unless  valence  compensation  is  otherwise  planned,  such  as  in  the 
bisButh-calciua  vanadium  iron  garnets. 

Two  areas  of  concern  in  studies  regarding  Mn'^'^  substitutions  are  the  need  to 
prepare  single  phase  compounds  with  Mn'*^  substitutions  up  to  0.2  ions/formula 
unit  and  the  assurance  that  Mn'**^  is  actually  the  ion  in  the  final  garnet 
structure.  Manganese  can  possess  a  valence  from  +2  to  +7  as  noted  in  Figure 
3-14.  Manganese  in  a  ■*■3  valence  is  not  available  in  a  stable  oxide  as  a 
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Valance 

*2 

Coapound 
Mn*^  COj 

Mol.  Vt 

114.94 

Coaaents 

Density  3.125  ga/cm^ 

Oecoaposes  vith  heat 

Solubility  in  BjO- 
.0065  gas/100  al  of  Cold  B^O 
Color:  Rose  pink  or  Light  brown 
Powder 

♦2 

Mn*^0 

70.93 

Density  5.45  ga/ca^ 

Melting  Point  1650«C 

Stable 

Color:  Green 

+2,  +3 

Itoj  0^ 

228.79 

Density  4-85.6  ga/ca^ 

Melting  Point  1705*C 

Color:  Black 

♦3 

157.86 

Density  4.5  ga/ca^ 

Oecoaposes  with  loss  of  Oj  at  1080*C 
2Mn202  — >1080*C  4Mn0+0^? 

Color:  Black 

■f4 

86.93 

Density  5.026  ga/cm^ 

Decomposes  with  loss  of  oxygen  at 
535»C  2Mn02  -”>535*C  IMnO+Oj? 

Color;  Brown/Black 

+6 

MnOj 

+7 

Mn^O^ 

FIGURE  3-14 

Some  Characteristics  of  Manganese  Compounds 


-  55  - 


•tartiag  eoapound.  Starting  aanganaaa  coapounda  availabla  arc  MnCO^  (Mn'*’^), 
Nn02  (Nn**^)  and  NnO  (Mn'*’^).  llicrcforc  to  reach  the  Nn'*'^  ion  desired  in  the 
strueturcy  soae  solid  state  chenical  reactions  Bust  take  place  to  create  this 

A 

i<mic  state  Iqr  forning  Mn2‘'^'^0^. 

SoBC  attention  vas  given  to  this  area  in  an  effort  to  produce  the  Hn'*' 
substitution  desired.  Soae  of  the  characteristics  of  the  various  aanganesc 
coapounds  arc  listed  in  Figure  S-l^.  Figure  3-15  lists  soae  of  the  possible 
solid  state  cheaical  reactions  (under  heat  treataent)  that  aay  be  encountered 
vlth  starting  coapounds  of  MnCO^,  Mn02  and  MnO.  Since  the  desired  valence  is 
•f3,  those  reactions  resulting  in  the  possible  foraatlons  of  Hn202  are  of  prise 
interest  for  enhanceaent. 

Manganese  carbonate  (NnCO^)  is  the  coapound  containing  aanganesc  that  is  cost 
coaaonly  used  for  substitution  into  ferrites  and  garnets.  Hn02  is  also 
available  but  is  a  less  pure,  sore  coarse  coapound  and  thus  less  desirable  to 
process. 

Sons  heat  treataent  studies  vere  conducted  on  MnCO^  as  outlined  in  Figure  l'  16. 
MnCO^  is  a  light  brovn  povder.  As  noted  in  Figure  3-16,  after  a  heat  treataent 
to  600*C  this  povder  turned  black  vith  a  veight  loss  of  32. 5Z.  This  suggests 
the  foraation  of  Nn20j.  Additional  heat  treataent  at  800*C  did  not 
significantly  change  the  result  and  povder.  Further  heat  treataent  at  1200*C 
resulted  in  a  brovn/black  povder  and  a  veight  loss  of  10. IZ.  This  suggests  the 
decoaposing  of  Mn20^  to  HnO  and  a  Mn  valence  of  ^2. 

This  observation  is  of  soae  concern  since  the  garnet  coapounds  are  sintered  at 
tcaperature  above  1400*C.  Hovever,  presintering  of  the  nixed  oxides  is 
conducted  near  1200*C  and,  at  this  point  in  the  present  study,  it  is  assuaed 
that  the  desired  Nn'*^'’  ion  is  locked  into  the  garnet  coapound  and  thus  not  free 
to  be  reduced  to  Hn**^^.  This  possibility  nay  also  suggest  that  sintering  should 
be  conducted  in  an  oxygen  environaent  to  enhance  the  possibility  of  naintaining 
the  aanganesc  in  a  *3  valence  state. 
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A 

Oeslce/Requlce  in  Garnet  Structure 


Oxides/Carbonates  Available 


Mo^O- 


Mn^ 


Mn'^^O 


♦2»  ♦3- 


Mn 


+3, 


Molecular  Vt. 

114.94 

Molecular  Vt. 

86.93 

Molecular  Vt. 

228.79 

Molecular  Vt. 

70.93 

Molecular  Vt. 

157.86 

Possible  Reactions t 


1)  Mn'*’^  CO,  hea? 

2)  2  Mn-2  CO3  “W 

600«C 

- 

- 

3)  AMn'^^O  +  Oj  - 

4)  280*^02  ♦  Oj - ’ 

5)  2lta^02  - 

6)  4  Mn  O+Oj  - 

7)  AMnOj  > 


Mn'^^O  +  COj 
lln^'*’^03  4  00  ♦  COj 

aMn*^^©  4  200  4  O2 
2Mn'^^0  4  2CO2 
2Mn/^0, 

2Mn'^^0  4  ©2 
2Mn2‘^^03 
^**“2®3  *  ®2 


FIGURE  3-15 


Manganese  Chemistry  (Available  oxides/carbonates  and 
possible  solid  state  chemical  reactions) 
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EXPERIMENTAL  STUDY 


DECOMPOSITION  OF  HANGANGESE  CARBONATE  (MnCOj) 


Oeteraine  the  decoaposition  products  of  HnCO,  by  observing  weight 
loss  and  color  changes  in  powder  heat  treated  under  various 
conditions. 

1)  Heat  treat  a  saaple  of  HnC03  at  600*C  for  4  hours  in  air. 
Observe  the  weight  loss  and  color  change  of  the  powder. 

2)  Repeat  the  first  experiment  using  a  flowing  oxygen  atmosphere. 
Observe  the  weight  loss  and  color  change  for  this  powder. 


3)  using  the  material  from  experiment  <2  continue  heat  treatment 
cycles  at  800*C  and  1200*C  for  4  hours  in  an  air  atmosphere. 
Determine  the  weight  loss  for  each  of  these  heat  treatments. 


RESULTS: 

Real  Treatment  Cycle 

Measured  Height 

Loss 

Color 

11  600*C/4  hrs  AIR 

32.5  % 

Black  Poirder 

•2  600*C/4  hrs  OXYGEN 

32.5  % 

Black  Powder 

13  800*C/4  hrs  AIR 

1.2  % 

Black  Powder 

I2Q0*C/4  hrs  AIR 

10.1  % 

Brown/Black 

Possible  Decomposition 

Reaction  for  HnCO^: 

Calculated  Height  Loss 

600«C 

2  HnCO^  ■«  Iln20j  * 

CO  ♦  COj 

31.3 

. 

800*C 

nn202  **  Hn20j  (No  decomposition) 

0.0 

% 

1200«C 

2  Hn202  **  4  nno_  * 

°2 

10.1 

z 

FIGURE  3-16 
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SoM  bfttclMS  of  Mn  tubotltutod  gornots  v«r«  proparod  vith  a  0.15  vaifht  X 
blMMth  additim  to  poaaibly  lovar  tha  raaction  taaparatura  and  tharaby  ratard 
tha  poaaibility  of  a  valanca  convartion  of  tha  Mn  Iona.  In  thasa  batcbaa, 
bianuth  vaa  addad  to  tba  alxad  oxidaa  bafora  praaintaring  in  ona  caaa  and  aftar 
praalntarlng  in  anothar.  praaintaring  tMparaturaa  of  1050*C  and  122S*C  vara 
uaad.  No  aignificant  changaa  in  tha  charactariatica  of  tha  fully  aintarad 
eoapound  vara  obaarvad  froa  thaaa  invaatigationa  to  indicata  a  valanca  change  of 
tha  Mn. 


3.5  MANGANESE  SUBSTITUTION  IN  BTBEID  TITRIUM-GAOOUNIUN  GARNETS 

A  nixad  yttriua  >  gadoliniua  iron  gamat  (TIG-GdIG)  compound  (4aMa  naar  1000 
gauaa)  vaa  aalactad  for  tha  invaatigation  of  Mn'*’^  aubatitution  to  achiava  an 
iaprovad  atraaa  inaanaitiva  aatarial  for  Z>band  phaaar  applicationa. 

Tha  natariala  atudiad  vara  baaad  on  a  56  2/3Z  TIG  and  43  1/3X  GdIG  eoapound. 
Aaauaing  a  aolid  aolution  of  thaaa  tvo  gamata  aubatitutad  vith  Mn'*''’,  tha 
nagnatoatrictiva  charactariatica  praaantad  in  Figure  3-17  vould  be  axpactod. 
Thaaa  data  are  coaputad  uaing  vaightad  parcantagaa  and  DiMma'a  nagnatoatrictiva 
conatanta  praaantad  in  Section  2. 

Vith  no  cobalt  (Co)  in  tha  atructura  (T«0),  vould  roach  0  naar  a  Mn'*' 
aubatitution  of  0.2.  At  thia  aubatitution,  X^qq  vould  be  a  fairly  largo 
poaitiva  value  of  naar  4-16. 

To  achieve  the  charactariatica  of  K^>0  and  aa  diacuaaed  in  Section  2.2.1 

aa  a  atraaa  inaanaitiva  condition,  Co'''^/Si'*'^  can  be  aubatitutad  into  thia 
eoapound  for  Fa'*''’.  Aa  indicated  in  Figure  3-17  and  3-18,  a  Co'*’^/Si'*^^  aaount  of 
0.0225  vould  appear  aufficient  to  increaae  R.  to  a  slightly  positive  value  vith 
a  Mn'*'^  content  for  X^^^"0  of  near  0.15. 

This  analysis  forned  the  initial  basis  for  foraulating  the  Mn**^^  substituted 
garnet  coapounds  for  preparation  and  evaluation. 
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FiaiRE  )-i7 


STRESS  INSENSITIVE  GARNET  COMPQUMn 


figure  3-18 


4.0 


MiiniALS  FOBMUUTBD  AMD  PKBPABBD 


4.1 


MATERIALS  FOSMUUTBD 


A  Mri««  of  Muganoso  aubatitutod  yttriua-gadollniua  ion  garnata  vara  atudiad  on 
thia  prograa  with  coapoaltiona  glvan  byt 


«I?3  »• 


'5-x 


y_+3  -.-2 

X  ^2  (SMS  Coapoaition  G-265) 


Conaiatant  with  tha  diacuaaion  of  Sactlon  3.5,  aanganaaa  aubatltutlon  lavala 
froB  X»0.09  to  Xib0.21  vara  invaatigatad.  Thaaa  coapoaltiona  ara  aolid 
aolutiona  of  56  2/3  HG  and  43  1/2E  GdlG  vith  Mn*^^  aubatitutad  for  Pa**^^. 

Thay  ara  aiailar  to  tha  Trana-Taeh  coaaarcial  product  TT  G-1002-t-09Hn,  vhich 

aarvad  aa  a  baaalina  aatarial. 


Soaa  axpariaantal  batchaa  of  cobalt  aubatitutad  gamata  (aa  auggaatad  in 
Saction  3.5)  vara  alao  praparad  vith  coapoaition: 


r-3 

1.7 


Gd 


Gd 


1.3 

♦3 

1.3 


.+3 


•^2 


^-2 


^*4.8225  **“0.155  *^0.01125  0.01125  ®"l2 


Pa 


♦3 

4.8 


Mni 


♦3 

0.0115 


^0?0225  ®^oto225  ®12 


Expariaantal  batchaa  of  a  pair  of  cariua  dopad  garnata  vara  alao  praparad 
vith  tha  follovlng  foraulation: 


vith  X  -  0.025  and  0.05 


Tha  cariua  batchaa  vara  intandad  to  chack  on  aarliar  raportad  vork  on  the 
af facta  of  cariua  doping  to  allaviata  aagnetostriction  probleas  in  garnets. 

In  addition  to  thaaa  cuaton  aatariaxs,  savaral  other  yttriua  gadolinium  and 
yttriua  alualnua  iron  garnets  vith  differing  aaounts  of  nanganase  doping 
vara  tasted  as  vas  a  lithium  ferrite  (spinel)  and  a  magnesium  manganese 
ferrite  (TTl-105)  sample. 
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TIm  nurioua  garnets  had  aafnatisationa  of  1780  ( TIG, G203-22), 1800  (G231-13), 
1000  (G293-5),  and  800  (G273-12)  gauss  and  are  variations  on  the  coaaercial 
aaterials  TT  G-113,  TT  G-1600,  TT  6>1010,  and  TT  G-800  respectively. 

The  lithiUB  ferrite  tested  is  a  standard  product  of  the  EMS  Haterials  Lab, 
BL1300  (4rNs  -  1300  gauss). 

4.2  HATERIALS  PREPARATION 


Over  the  course  of  this  prograa  considerable  attention  has  been  paid  to  the 
probleas  associated  vith  proper  stoichioaetry  of  the  garnets.  Single  phase 
garnet  aaterials  are  only  produced  for  a  very  narrow  coapositional  field, 
and  the  addition  of  aanganese  seeas  to  exacerbate  this  problea.  Because  the 
ceraaic  processes  of  aixing  powders  and  ailling  calcined  aaterial  always 
involve  soae  iron  pick  up,  allowance  aust  be  nade  in  the  starting  aixtures 
to  allow  for  soae  subsequent  iron  pick-up.  Starting  iron  deficiencies 
ranging  froa  1.0  to  3.6  percent  were  tested,  and  the  results  (for  a  Hn 
addition  of  0.15)  are  ahown  in  Table  4-1. 


Table  4-1  Study  of  Effect  of  Iron  Stoichioaetry  on  Material  Properties 


eSSSSSM 

Tanda 

ke 

Tande 

(gauss) 

Br 

(gauss) 

TH - 

(oersteds) 

K 

5:^9 

1.6i 

2Z 

5.57 

.00087 

14.7 

.00012 

1015 

654 

1.58 

2.25Z 

5.58 

.00087 

15.1 

.00012 

1056 

771 

1.13 

2.5X 

5.69 

.00087 

15.4 

.00012 

1068 

717 

1.29 

3Z 

5.67 

.00092 

15.3 

.00009 

1045 

774 

1.3 

3. 62 

5.72 

.00051 

15.0 

.00029 

1010 

457 

2.15 

At  the  low  iron  deficiencies,  or  final  high  iron  content,  the  garnets  have 
excessively  high  aagnetic  loss.  This  is  caused  by  a  second  phase  that  is 
presuaably  Hn  ferrite  or  aagnetlte  «diich  both  have  large  values  of 
saturation  aagnetisatlon  5000  gauss)  and  low  field  losses  that  extend 
well  up  into  the  Z-band  region.  Magnetic  loss  is  very  sensitive  to  even 
quite  snail  aaounts  of  such  second  phases.  At  a  2.0Z  iron  deficiency  in  the 
starting  nix  the  aagnetic  loss  begins  to  increase. 
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ni*  various  gsmots  had  aagnatisations  of  1780  (TIG, G203>22),  1600  (G231-13), 
1000  (G293>S),  and  800  (G273-12)  gauss  and  ara  variations  on  the  coaaarcial 
aatarials  TT  G-113,  TT  G-1600,  TT  G-lOlO,  and  TT  G-800  respactivaly. 

Tha  llthiua  farrita  tastad  is  a  standard  product  of  tha  8MS  Hatarials  Lab, 
BL1300  (4iiHs  •  1300  gauss). 

4.2  MATERIAU  PREPARATION 


Ovar  tha  coursa  of  this  prograa  considarabla  attantion  has  baan  paid  to  tha 
problaas  associatad  vith  propar  stoichioaatry  of  tha  gamats.  Singla  phasa 
gamat  aatarials  ara  only  producad  for  a  vary  narrov  coaposltlonal  fiald, 
and  tha  addition  of  aanganasa  saaas  to  axacarbata  this  problaa.  Bacausa  tha 
caraaic  procassas  of  aixing  povdars  and  ailling  calclnad  aatarial  alvays 
involva  soaa  iron  pick  up,  allovanca  oust  ba  aada  in  tha  starting  aixturas 
to  allov  for  soaa  subsaquant  iron  pick-up.  Starting  iron  daficiancias 
ranging  froa  1.0  to  3.6  parcant  vara  tastad,  and  tha  rasults  (for  a  Nn 
addition  of  O.IS)  ara  shovn  in  Tabla  4-1. 


Tabla  4-1  Study  of  Effact  of  Iron  Stoichioaatry  on  Hatarial  Propart ias 


Iron 

Deficiency 

Density 

Tanda 

ka 

Tanda 

5i®s 

(gauss) 

— Br - 

(jnuss) 

"K - 

(oersteds) 

li 

5.59 

15.0 

1.61 

2X 

5.57 

.00087 

14.7 

.00012 

1015 

654 

1.58 

2.25X 

5.58 

.00087 

15.1 

.00012 

1056 

771 

1.13 

2.5X 

5.69 

.00087 

15.4 

.00012 

1068 

717 

1.29 

3X 

5.67 

.00092 

15.3 

.00009 

1045 

774 

1.3 

3.6Z 

5.72 

.00051 

15.0 

.00029 

1010 

457 

2.15 

At  tha  lov  iron  daficiancias,  or  final  high  iron  contant,  the  gamats  have 
excessively  high  aagnetic  loss.  This  is  caused  by  a  second  phase  that  is 
prasuaably  Hn  ferrite  or  aagnatite  which  both  have  large  values  of 
saturation  aagnetixation  (**  5000  gauss)  and  lov  field  losses  that  extend 
vail  up  into  the  X-band  region.  Magnetic  loss  is  very  sensitive  to  even 
quite  snail  amounts  of  such  second  phases.  At  a  2. OX  iron  deficiency  in  the 
starting  nix  the  nagnetic  loss  begins  to  increase. 
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At  high  iron  d«fici«ncittit  or  final  lov  iron  contant,  the  gamata  have  lov 
valuaa  of  raaanant  aagnatisationyB^.  Thia  is  praauaably  caused  by  the 
presence  of  a  second  phase  of  an  orthoferrite  whose  aagnetisation  is  very 
snail.  These  particles  act  as  non-nagnetic  inclusions  and  interrupt  flux 
lines,  thereby  reducing  the  reaanent  flux,  nie  onset  of  serious  reduction  in 
values  occurs  at  3.6Z  iron  deficiency  in  the  starting  nix. 

Hi|^  quality  naterials  have  been  prepared  with  iron  deficiencies  in  the 
starting  powders  of  2.25Z  to  3.0Z.  Garnets  with  Nn  contents  of  0.09  to  0.15 
have  been  aade  with  low  dielectric  loss  (^.00016),  low  aagnetlc  loss 
(^.001),  and  reaanent  flux  values  of  ^700  gauss.  For  the  higher  Nn 
contents  (0.17  to  0.21),  the  renancnce  drops  off. 

The  preparation  of  high  quality  garnets  having  high  Mn  contents  also 
requires  sone  adjustaent  in  firing  teaperature.  Negligible  differences  in 
properties  were  found  as  the  firing  toiperature  was  varied  froa  1425  to 
1450*C,  until  relative  high  Mn  contents  (>.15)  were  reached.  At  the  higher 
Mn  contents  it  was  necessary  to  reduce  the  firing  teaperature  soaewhat  to 
prevent  serious  loss  of  reaanent  flux. 

The  use  of  an  oxygen  ataosphere  was  standard  practice  in  sintering  these 
naterials,  but  the  iaproveaent  in  properties  was  barely  above  the  detectable 
level  for  nost  coapositions.  For  those  expounds  on  the  acceptable  iron 
rich  side  of  stolchioaetry,  sintering  in  an  oxygen  ataosphere  reduced  the 
aagnetlc  loss  tangent. 

A  nuaber  of  selected  sanples  of  the  nanganese  substituted  garnets  were  sent 
to  the  Center  for  Advanced  Ceraaic  Technology  at  Alfred  University  for 
analysis  using  the  energy  dispersive  spectrocopy  (EDS)  capabilities  of  their 
Scanning  Electron  Microscope  (SEN). 
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Figur«  4-1  abov*  a  backacattercd  SEM  EDS  aicrograph  (aagnl float ion  lOOOX)  of 
a  saapla  of  G-265  vith  0.12Nn  substitution.  Tha  aicrograph  shovs  the 
prasanea  of  yttriua(T),  iron(Fa),  and  gadoliniua(Gd)  in  substantial 
quantitias  in  ralativa  agraaaant  vith  the  coaposition.  Tha  aicrograph  does 
not  clearly  identify  tha  presence  of  any  aanganasa  (Mn).  Tha  energy  of  tha 
Nn  paakt  if  present,  is  noted  on  the  aicrograph  and  is  very  close  to  that  of 
6d.  The  EDS  detection  liait  is  about  2  atoaic  percent,  and  our  substitution 
of  Mn  in  this  case  vas  about  1.5  atonic  X.  In  this  saaple  there  vere  very 
snail  regions  (scattered  grains)  that  exhibited  aicrographic  characteristics 
shoving  different  ratios  of  T,Gd,  and  Fe  indicating  a  possible  need  for 
ninor  nixing  and/or  sintering  adjustnents. 

In  saaples  containing  large  substitutions  of  Mn  such  as  0.21,  scattered  dark 
grains  vere  evident  in  the  aicrographs,  and  the  EDS  analysis  indicated  that 
these  grains  contained  only  Mn  and  Fe  and  thus  vere  clearly  undesirable.  It 
is  believed  that  saaples  vith  Mn  substitutions  above  0.15  nay  contain  a 
scattered  aatrlx  of  these  grains  and  processing  to  reduce  their  presence 
becoaes  nuch  nore  difficult. 

Table  4-2  lists  the  six  levels  of  Hn  doping  prepared  in  the  G-26S  faaily  of 
conpounds,  based  on  a  solid  solution  of  56  2/3X  TIG  and  43  1/3X  GdIG.  The 
coanercial  TT  G-1002  vith  0.09  Mn  is  also  listed  as  the  baseline  naterial. 
The  aeasured  values  of  4xNs  of  the  6-265  conpounds  are,  on  the  average, 
slightly  higher  than  6-1002.  This  nay  be  due  to  slight  differences  in  the 
6d  content  of  the  coaposition.  The  6-265  conpounds  also  possess  slightly 
higher  Br  and  He  values.  This  is  believed  to  be  due  to  nicrostructure 
differences.  The  G-265  conpounds  possess  a  snaller  and  thus  nore  uni fora 
average  gain  size.  Also  included  in  this  table  are  the  additional 
naterials  tested  for  stress  sensitivityt  G203  (a  nanganese  doped  TIG),  TT 
G1600  and  G231(1600  gauss  TGdIG),  TT  GlOlO  and  G293(1000  gauss  TAIIG),  TT 
G800  and  G273(800  gauss  TGdAlIG),  TTl-105(a  nagnesiun  nanganese  spinel),  and 
L141  (a  lithiuB-titanlua  ferrite). 
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Saaple _ Mn _ Density  Ms  Tand»  tande  ke _ Br  Bd  He  Dbr 

*TransT1002  0.09  1000  0.00068  0.00009  15.7  669  818  1.08  0.72 
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4.3 


NATEEIAL  PROPERTIES 


nic  Mttrial  propcrtiM  listcNl  v<rc  all  aaaaurad  in  tha  EMS  aatarials 
laboratory  by  standard  Masuraaont  procaduras.  Tabla  4-3  dascribas 
■aasuraaant  tachniquas  and  accuracias.  Tha  abbravlatlons  usad  to  dasignata 
tha  various  propartias  ara  givan  balov. 

3 

Oansity  (in  graas/ca  ) 

Ns  Saturation  aagnatization  (4rMS)  (in  gauss) 

Tanda  Magnatic  loss  tangant 

tanda  Dialactric  loss  tangant 

ka  Ralativa  pamittivity 

Br  Raaanant  aagnatic  flux  (in  gauss) 

Bd  Driva  flux  laval,  vhan  hystarasis  is  aaasurad  (in  gauss) 

Be  Coarciva  fiald  (in  oarstads) 

Dbr  Ratio  of  raaanant  flux  at  3000  PSI  axial  strass  to  Raaanant 
flux  at  no  strass 

ra  Rasonanca  linavidth  (in  oarstads) 

DHk  Spinvava  linavidth  (in  oarstads) 
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TABLE  4-3 


MATERIAL  PROPERTY  MEASUREMENTS 


PROPERTY 

MEASUREMENT  TECHNIQUE 

ACCURACY 

Density 

Water  immersion 

+ 

0.02  gm/cc 

Magnetization, 

4nMs  (Gauss) 

Magnetometer 

+ 

3  to  5  % 

Remanent  Magnetization, 
Br  (Gauss) 

Square  Loop  Tester 

+ 

5  % 

Coercive  Field, 

He  (Oe.) 

Square  Loop  Tester 

+ 

0.2  Oe. 

Resonant  Linewidth 

AH  (3dB)  (Oe.) 

X-Band  Transmission 

Cavity 

+ 

3  % 

Spinwave  Linewidth 

AHk  ( Oe . ) 

X-Band  Transmission 

Cavity 

+ 

10  % 

Dielectric  Loss  Tangent 

X-Band  Transmission 

Cavity 

+ 

0.0002 

tan&c' 

ASTM  C525-63T 

(<0.Q01) 

Dielectric  Constant 

X-Band  Transmission 

Cavity 

+ 

0.3 

e' 

ASTM  C525-63T 

Magnetic  Loss  Tangent 

X-Band  Transmission 

Cavity 

+ 

0.0002 

tan6m 

(<0.001) 

Stress  Sensitivity 

Square  Loop  Tester 

ABr 


Stress  is  applied  to  the  toroid  by  placing  the  toroid  in  fixture  and 
applying  a  controlled  torque  to  a  screw.  Axial  stress  applied 
in  the  direction  as  shown  is  perpendicular  to  the  direction  of 
magnetization.  The  amount  of  torque  applied  resulted  in  a  compressive 
force  of  3000  psi  on  the  toroid. 


c: 

1 _ > 

i. _ 

_ \ 

_ 1 

1 

[ 

] 
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Ill  an  attaapt  to  study  tha  affacta  of  procaasing  paraaatars  on  oxidation 
atata  of  tha  Mn  iona  (as  discussad  in  Saction  3.4)  soaa  batchaa  of  aatarials 
vara  praparad  using  an  oxygan  ataosphara  in  tha  calcina  staga.  niasa 
rasultSf  shovn  in  Tabla  4-4,  ara  coaparad  to  thosa  obtainad  vhan  calcining 
in  air.  Tha  oxygan  calcina  ("OxCalc”  undar  "Coaaants")  producad  rasults 
that  do  not  diffar  (outsida  of  axpariaantal  arror)  in  any  proparty  froa 
thosa  of  aatarial  praparad  by  tha  standard  ("STD")  procass. 

As  a  part  of  tha  study  of  aanganasa  chaaistry  dascribad  in  Saction  3.4,  soaa 
batchas  of  tha  0.15  Nn  coaposition  vara  praparad  vith  praoxidizad  Nn  addad 
bafora  ("Hnpracalc")  tha  calcine  step,  rather  than  as  a  carbonate  (Mn'*’^)  in 

A 

tha  initial  nix.  In  other  batchas  tha  praoxidizad  Mn'*'  vas  addad  after  the 
calcina  step  CMnpoatcalc”)  rather  than  as  tha  carbonate  (Mn'*'^)  in  the 
initial  aixing.  Both  of  these  approaches,  as  seen  in  Table  4-5,  lad  to 
soaavhat  lover  densities  and  aarkadly  lover  values  of  reaanant  aagnatization 
than  obtainad  in  tha  standard  ("STD")  procass.  This  result  is  probably  a 
reflection  of  less  thorough  nixing  and  a  lass  unifora  and  product,  rather 
than  any  affect  froa  altering  the  valance  of  the  Hn  ions. 

Tha  rasults  of  these  investigations  vould  appear  to  support  tha  conclusion 
that  tha  divalent  aanganasa  ions  Initially  aixad  as  a  carbonate  do  convert 
to  a  trivalant  state  as  required  by  the  garnet  chaaical  balance. 

4.4  EXPERIMENTAL  MATERIALS 

Tha  cobalt  doped  garnet  aatarials  vara  praparad  in  an  attenpt  to  achieve  the 
characteristics  of  K^>0  and  that  have  been  predicted  by  Dionne,  as 

discussad  in  Saction  3.5,  to  yield  stress  insensitivity.  Tvo  batches  were 
prepared  vith  soaeidiat  different  calcine  and  firing  schedules.  The  measured 
properties  of  these  aaterials  are  given  in  Table  4-6  below.  In  both  cases 
the  hysteresis  loops  are  rather  skewed,  and  the  values  of  are  markedly 
below  those  of  other  garnets.  The  increased  values  of  spin  wave  linewidth 
and  magnetic  loss  tangent  ara  expected  froa  the  addition  of  cobalt.  Vith 
R2>0  the  "easy"  direction  of  magnetization  becomes  the  cube  edge  rather  than 


oaposltlon 


8 

* 

n 


Si  S 

V  ^  ^ 

*4  *4 

o  o  r^ 

«4  ^  O  O 
•4  ^  ^  ^ 

nil 


«  #4  44  ^ 
•  •  •  ^ 
A  ^  O  • 


44  «4  «4  « 
^€40^ 


fi  n  M 

m  O  Q  44  f4 

M  e«  lA  Mve 

V  «  ^  44  M 

•4  *4  #4  4P  ^ 


r*  o 
o  o  *4 

tf  tf  tf 


e  8 


3« 

44 

« _ _  _ 

mu  U 

St 


K< 

a  V 

^  »4 


lO  • 

•  • 
O  Oi 


4»  •  lA  44  I 

V  41  44  41  - 


•  •  • 


o  o  o  o  o  o 


^  4i  4%  lA  ^  I 


PS 


•  • 


8^  ♦  s  i^  «•  0%  «r  •* 

Moimw  «>t  in  Ml  ^o 

«•!»•••  ^  r*  r»  r*  r* 


8  SsSS 
• 

• 

<»  m  in 
e  r«  Q 
l»  w  « 

0  <*4 

XX 

• 

• 

41  4«  41  41 

41  •  •  •  • 

0  0  4* 

•  •  • 

0  0 
•  • 

^  ^  ^  «4  ^ 

• 

•N  «p4  ^ 

tand* 

0.0001 

O.OOOIS 

0.00009 

0.00009 

0.00010 

0.00016 

0.00010 

0.00010 

0.00010 

Taiute 

0.00093 

0.00107 

0.00005 

0.00092 

0  0  0 
0  0 
000 
0  e  0 
000 

0  0 
0  0 

e  0 
0  e 
0  0 

000 

e  0 

Ok  ^  ^ 

Ok  ^  H>  4r 

Ok  Ok  0  0 

s 

1072 

1004 

1031 

1013 

1010 

>9  i»  40  «  r» 

44  ^  «A  ^  ^ 

0  44  0 

0  0  0 

0  0 
0  0 

g  in  o>  on  lA 

0  0  0 

0  0 

9 

<  0  u  0 

0  0  Ok  Ok  0 

0  4t  on  41  41 

V  le  10  0  le 

m  ON  r4  0^4  44 

«  0000 

j  0  u 

0  0  0 

lU 

0  0  0 

44  44  41 

000 

ss 

U 
0  0 
44  41 

0  0 

m 

\c 

rsi 

I 

U 

•o 

« 


in 

x> 

s 

in 

i 

tn 

o 

« 

c 


B 

8 

« 

« 

h 

I 

« 


o 

a 


9 

n 

« 

oe 


m 

I 

>» 


« 

H 


72 


73 


tlM  body  diofonal  of  tho  coll.  Vith  six  cubo  odgos  versus  sight  body 
diofMislSt  a  Bodost  reduction  in  reaanence  night  be  expected,  but  not  the 
greet  reduction  observed.  These  results  did  not  varrant  further  exploration 
of  this  fanily  on  the  current  progran. 

Two  ceriua  doped  yttriun  iron  garnets  vere  prepared  to  test  reported  results 
froB  the  late  '60's  on  the  effects  of  ceriua  in  reducing  stress  sensitivity 
in  the  garnets,  such  as  terbiua  has  been  deaonstrated  to  do.  Terbiun  vill 
render  a  garnet  totally  iapervious  to  stress,  but  its  nagnetic  loss  is  so 
large  that  it  is  of  no  practical  value  as  a  nicrovave  ferrite.  The  tvo 
ceriua  conpounds  listed  in  section  4.1  yielded  naterials  that  have  only 
snail  iaproveaent  in  stress  insensitivity  over  undoped  TIG.  At  the  sane 
tiae,  the  nagnetic  loss  tangents  and  spinvave  linevidths  increased  vith  the 
addition  of  ceriua,  one  of  the  rare  earth  eleaents.  This  increased  loss 
clearly  aakes  the  ceriua  substitution  less  desirable  than  the  Mn  doping. 
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S.O  STATIC  STRESS  DATA 

5.1  nOTIAL  TESTS 

The  test  fixture  discussed  in  Section  5.3  end  illustrsted  in  Figures  3>6  end 
3-7  (referred  to  ss  the  trophy  test  fixture)  vss  used  to  eeesure  chsnges  in 
the  hysteresis  chsrscteristics  of  the  esterials  ss  a  function  of  applied 
stress.  The  fixture  vss  sost  useful  for  studying  longitudinal  stress 
perpendicular  to  the  average  direction  of  the  rcesnent  eagnetisstion  for 
values  of  stress  greater  than  KXX)  PSI.  For  stress  aeasureeents  belov  1000 
PSI,  the  fixture  vas  aodified  such  that  appropriate  veights  could  be  placed 
on  the  fixture  to  provide  a  constant  controlled  stress  level. 

The  TIG-TbIG  coapounds  discussed  in  Section  3.3  vere  evaluated  in  this 
fixture.  Figure  5-1  presents  the  changes  observed  in  TIG  (No  TbIG),  TIG 
(0.167TbIG)  and  TIG(0.35TbIG)  for  various  stress  conditions.  Photographs  of 
the  hysteresis  curves  vere  presented  in  Section  3.3.  As  noted  in  Figure 
5-1,  the  change  in  reaanence  ratio  of  the  TIG  (0.167TbIG)  coapound  vas  very 
saall  up  to  4000  PSI  for  both  longitudinal  and  vertical  coapresslve  stress. 

Figure  5-2  presents  siailar  data  for  TTG-1002  (0.09  Mn).  The  test  saaple 
vas  a  toroid  prepared  for  phaser  evaluation.  It  is  observed  that  the 
aaterial  exhibits  considerable  change  in  the  reaanence  ratio  vith  stress  in 
all  directions;  hovever  the  aaterial  is  considerably  sore  sensitive  to 
longitudinal  stress. 

5.2  STATIC  STRESS  TESTS  ON  MANGANESE  SUBSTITUTED  G-265 

The  aanganese  substituted  coapounds  prepared  for  study  vere  discussed  in 
Section  4.0  The  EMS  fomulated  TIG-GdIG  coapound  is  designated  as  G-265 
vith  the  folloving  aanganese  substitution  (0.09  Mn,  0.11  Mn,  0.13  Mn,  0.15 
Mn,  0.17  Mn,  and  0.21  Mn). 

Toroids  vere  prepared  of  each  substitution  to  diaensions  for  phase  shifter 
evaluation.  These  saae  toroids  vere  used  in  the  static  stress  tests. 
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(1-X)  YIG  •  X  TbIG 

f  vifll 


1000  2000  3000  4000 


Compressive  Stress  (PSI) 

CHANGE  IN  REMANENCE  RATIO  WITH  STRESS 
(YIG  -  TbIG  COMPOUND) 


FIGURE  5-1 
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Br./B 


TrG-1002  (0;09  Mti) 


Stress 

Direction 


Repeat 


Br  -  Remanent  Magnetization 
"■***  (no  stress) 

Br  •>  Remanent  Magnetization 
(under  stress) 

4  KHz  Constant  Drive 


Compressive  Stress  .(PSI) 


CHANGE  IN  REHANENCE  RATIO  VITB  STRESS 
-  FOR  TTCIOOI  (0.09  Mn) 


FIGURE  5-2 


r-  j 
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FifurM  5-3  through  5-7  prosont  photogropha  of  tho  hystorosis  curvos  of 
thoao  Mtorlala  for  longitudinal  stroas  up  to  4000  PSI.  All  of  tho 
coBpounda  oxhiblt  8.*m  chango  in  tho  hyatoroaia  curvo  for  atroaa  abovo  2000 
PSI. 

Tho  obaorvod  chango  at  tho  0.17  Mn  aubatitution  (Piguro  5-7)  ia  vary  aaall 
vlth  aoM  boginning  ovidonco  of  incroaaing  coercivo  fiold  vitb  atfaa, 
indicating  a  poaitivo 

Thoao  photographs  suggest  that  abovo  1000  PSI  of  longitudinal  a trass,  the 
toroids  nay  be  physically  distorting  causing  tho  obaorvod  changes  in  tho 
hyatoroaia  curves.  Note  that  tho  0.09  Mn  and  tho  0.11  Hn  coapounds  exhibit 
changes  in  tho  hyatoroaia  curvos  botveon  0  and  1000  PSI  and  continue  to 
chango  up  to  4000  PSI.  Tho  0.13  Mn,  0.15  Mn  and  0.17  Mn  coapounds  show 
alaost  no  change  in  tho  hystorosis  rcaponso  up  to  1000  PSI.  Above  this 
atroaa  level  soao  changes  in  tho  hystorosis  curves  are  observed.  This 
non-llnoar  response  suggests  soao  ainor  distortion  of  tho  saaplo  (such  as 
bonding)  creating  a  stress  on  tho  saaplo  that  is  not  uni-diroctional. 

Tho  specific  data  collected  on  tho  change  in  Br  (actually  Br  (strcss)/Br  (no 
stress))  vith  longitudinal  coaprossivo  stress  for  all  of  tho  Mn  substituted 
G-265  are  presented  in  Figure  5-B.  Note  tho  data  taken  at  1000  PSI  (soao 
physical  distortion  aay  bo  present  abovo  this  level  as  aontlonod 
previously).  At  about  0.13  Mn  there  is  no  change  in  Br;  below  this  level, 

Br  decreases  and  above  the  0.13  Mn  substitution,  the  Br  increases. 

Observations  froa  the  coaparlson  of  static  and  phase  stress  characteristics 
indicated  that  the  actual  stress  levels  experienced  by  the  aaterial  in  the 
Phaser  structure  was  considerably  less  than  1000  PSI.  The  stress 
experienced  by  the  aaterial  in  the  soft  top  phaser  housing,  both  froa  top  to 
bottoa  crush  and  froa  longitudinal  differential  expansion  vith  teaperature 
actually  appeared  to  be  in  the  region  of  100  PSI  (this  value  of  stress 
appears  low  coapared  to  readily  achievable  stress  levels  of  1000  to  400G 
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G-265  (0.09  Mn)  ILLUSTRATION  OF  HYSTERESIS  CHARACTERISTIC 
UNDER  LONGITUDINAL  COMPRESSIVE  STRESS 

is  POSITIVE 
IS  NEGATIVE 


09  Mn  NRL  265  2000  PSI  Axial  .09  Mn  NRL  265  3000  PSI  Axial 


L 


,09  Mn  NRL  265  4000  PSI  Axial 


FIGURE  5-3 


G-265  (0.11  Mn)  ILLUSTRATION  OF  HYSTERESIS  CHARACTERISTIC  UNDER  LONGITUDINAL 
COMPRESSIVE  STRESS 


hoo 

\ll 


IS  POSITIVE 


.11  Mn  NRL  265  0  PSI  Axial 


.11  Mn  NRL  265  1000  PSlAiial 


.11  Mn  NRL  265  4000  PSI  Axial 


FIGURE  5-4 
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G-265  (0.13  Mn)  ILLUSTRATION  OF  HYSTERESIS  CHARACTERISTIC  UNDER  LONGITUDINAL 
COMPRESSIVE  STRESS 

X-Q-  IS  POSITIVE 
IS  NEGATIVE 


.13  Mn  NRL  26S  0  PSI  Axial  .13  Mn  NRL  265  1000  PSI  Axial 


.13  Mn  NRL  265  2000  PSI  Axial  .13  Mn  NRL  265  3000  PSI  Axial 


.13  Mn  NRL  265  4000  PSI  Axial 

FIGURE  5-5 
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.15  Mn  NRL  265  4000  PSI  Axial 

FIGURE  5-6 
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rawMMiiF  "''Steresis  characteristic  under  longitudinal 


Xjoo  TS  POSITIVE 
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17  Mn  NRL  265  2000  PSI  Axial 


.17  Mn  NRL  265  3000  PSI  Axial 


.17  Mn  NRL  265  4000  PSI  Axial 


FIGURE  5-7 


Br  vs.  Longitudinal  Stress 
EMS  G265  /  Various  Mn  Contents 


1000  2000  30( 
Longitudinal  Stress  (PSI) 


FSI}  howvar,  •  100  pound  volfht  on  one  square  inch  is  still  a  considerable 
stress.)  Prior  to  this  observation,  no  data  vere  available  to  indicate  the 
actual  stress  levels  experienced  by  the  aaterials  in  pbaser  structures.  The 
test  fixture  vas  altered  as  indicated  in  Section  5.1,  and  the  aaterials  vere 
Bore  carefully  evaluated  in  the  region  of  0  to  1000  PSI.  The  resulting  data 
are  presented  in  Figures  5-9  through  5-14.  These  figures  present  the 
relative  aeasured  changes  in  Br  (reaanent  aagnetisation)  as  a  function  of 
transverse  and  longitudinal  coapresslve  stress  up  to  values  of  1000  PSI  for 
the  aanganese  substituted  G-265  compounds.  Figure  5-15  presents  the 
transverse  coapresslve  stress  response  for  all  of  the  coapositions  (for 
coaparison)  and  Figure  5-16  presents  siailar  data  for  the  longitudinal 
coapresslve  stress  response. 

For  transverse  coapresslve  stress,  the  stress  direction  (top  to  bottom)  is 
on  the  average  parallel  to  the  reaanent  aagnetisation  producing  phase  shift 
in  the  phaser  structure.  This  stress  is  perpendicular  to  the  average 
direction  of  the  aagnetisation  in  the  top  and  bottom  legs  of  the  nearly 
square  toroid.  At  reaanence  the  nagnetic  aoaents  are  predoainately  along 
the  111  crystalographic  direction  (body  diagonal  in  cubic  structure). 

Figure  3-17  presented  the  anticipated  variation  of  aagnetostrictive 
constants  as  a  function  of  Hn  in  the  6-265  garnet  compound. 

The  data  presented  in  Figures  5-9  through  5-16  would  indicate  the  folloving 
general  characteristics: 

Response  to  transverse  compressive  stress: 

.  For  the  0.09  Mn  substituted  coapound,  a  slight  increase  in  Br  vith 
stress  vas  observed  for  lov  stress  levels  (up  to  400  PSI).  Above  this 
stress  level,  Br  decreased.  These  data  could  indicate  that  Xs  is 
slightly  negative  for  this  Mn  substitution;  however,  the  overall 
transverse  variation  with  stress  is  lover  than  any  of  other  Mn 
substitutions. 

.  The  transverse  stress  characteristic  of  all  the  other  Mn  substituted 
compounds  are  observed  to  be  very  siailar. 
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Br  vs.  Applied  Stress 
EMS  G265  (.09  Mn) 
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T ransverse  Stress  *  Longitudinal  Stress 


Br  vs.  Applied  Stress 
EMS  G265(.11  Mn) 


Transverse  Stress  •  Longitudinal  Stress 


Br  vs.  Applied  Stress 
EMS  G265  (.13  Mn) 
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T ransverse  Stress  •  Longitudinal  Stress 


Br  vs.  Applied  Stress 
EMS  G265  (.17  Mn) 
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■  Transverse  Stress  •  Longitudinal  Stress 


Br  vs.  Applied  Stress 
EMS  G265  (.21  Mn) 


T ransverse  Stress  •  Longitudinal  Stress 


Br  vs.  Applied  Transverse  Stress 
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FIGURE  5-15 
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s.  Applied 
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Rsspons*  to  longitudinal  conpraasion  s trass i 

For  rananant  stata  nagnatisation,  tha  longitudinal  coaprassiva  strass 
is  parpandicular  to  tha  avaraga  aagnatic  aoaant. 

For  tha  0.09  Mn  substitutad  coapound,  tha  ralativa  Br  dacraasad 
rapidly  vith  strass.  This  again  vould  ba  indicativa  of  a  nagativa  Xs 
for  this  substitution  (tha  aagnetization  will  nova  toward  alignnant 
vith  tha  strass  and  thus  lovar  tha  rananant  nagnatisation). 

.  For  tha  0.11  Hn  substitutad  conpound,  the  longitudinal  and  transverse 
strass  responses  are  nearly  equal. 

.  For  tha  0.13  Mn  substitution,  tha  longitudinal  strass  response 

exhibits  tha  nost  stable  characteristics  up  to  500  PSI.  This  could  be 
indicativa  of  a  near  zero  value  of  Xs  for  this  substitution. 

.  Above  tha  0.13  Mn  substitution,  the  relative  Br  vas  observed  to 

increase  vith  longitudinal  coaprassiva  stress.  This  is  indicative  of 
a  positive  value  of  Xs;  tha  nagnatisation  vould  attenpt  to  align 
parpandicular  to  the  strass  and  thus  enhance  the  resultant  rananant 
nagnatisation.  Tha  sensitivity  of  tha  observed  anhancanent  is  snail 
since  rananant  values  are  already  fairly  high  in  these  conpounds  and 
thus  cannot  he  increased  vary  nuch  by  favorable  resultant 
nagnatostrictiva  forces. 

.  Figures  5-17  and  5-18  present  tha  observed  stress  data  fron  Figures 
5-9  throu^  5-16  in  a  different  fora.  In  these  figures  the  change  in 
ralativa  Br  is  plotted  versus  Mn  content  for  different  values  of 
stress.  Figure  5-17  presents  the  transverse  conpresslon  stress 
response.  All  of  the  conpounds  exhibit  sone  stress  effects.  The  0.09 
Mn  substituted  conpound  exhibited  the  least  change  in  nomalized  BR 
vith  transverse  conpresslon  stress. 

.  Figure  5-18  presents  the  longitudinal  coaprassiva  stress  response  as  a 
function  of  Mn  content.  These  data  indicate  that  very  lov  stress 
sensitivity  vould  be  achieved  for  Mn  substitutions  near  0.13  for 
stress  level  up  to  600  PSI. 
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Br  (normalized) 


Br  vs.  Mn  Content/T ransverse  Stress 

EMS  G265 


0.09  0.11  0.13  0.15  0.17  0.19  0.21 

Mn  Content 


FIGURE  5-17 
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Br  (normalized) 


Br  vs.  Mn  Content/Longitudinal  Stress 

EMS  G265 


0.09  0.11  0.13  0.15  0.17  0.19  0.21 

Mn  Content 


FIGURE  5>18 
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6.0  PHASBR  STRUCTUBE  TESTS  (Phase  I) 

6.1  TEST  PROGRAM 

nia  prograai  of  aeasuraBants  on  the  saloctcd  aaterials  arc  described  by  the 
diagrau  in  Figure  6-1.  Square  phase  shifter  toroids  vere  aatched  with  a 
center  dielectric  slab  to  fora  a  phaser  unit.  The  schedule  of  aeasureaents 
vas  designed  to  allow  aaxiaua  correlation  of  hysteresis  aeasureaents  with 
phase  shift  aeasureaents.  This  is  to  our  knowledge  the  first  tiae  that  B-H 
loops  have  been  obtained  on  actual  phaser  toroids  in  waveguide  housings 
under  high  power  conditions. 

Hysteresis  aeasureaents  were  aadc  of  the  B-H  loop  properties  of  phaser 
toroids  (side  1  and  side  2)  loosely  held  in  the  housing  as  a  function  of 
teaperaturc  froa  rooa  teaperature  (*25*C)  to  100*C.  The  data  (shown  later) 
indicate  no  hysteresis  with  teaperature»  as  one  would  expect.  It  was  found 
that  for  all  of  the  aaterials  tested,  the  side  1  and  side  2  toroids  had 
values  of  Br  that  tracked  within  IE  over  the  full  range  of  teaperatures. 

Next  these  toroids  vere  further  asscabled  into  the  housing  for  low  power  RF 
tests  as  a  function  of  teaperature.  The  drua  top  (soft  top)  phase  shifter 
housing  vas  used  to  ainiaize  non-repeatable  changes  resulting  froa  top  to 
bottoa  "crush"  on  the  toroids.  Hysteresis  loops  vere  again  aeasured  at  each 
teaperature  and  differential  phase  shift  vas  also  aeasured  with  the  toroids 
driven  by  a  latch  box.  These  data  show  hysteresis  with  teaperature  in  both 
reaanent  flux  and  differential  phase  shift.  The  toroids  on  the  two  sides  of 
the  structure  still  had  Br  values  that  tracked  within  IE  over  the  full  range 
of  teaperatures.  The  rooa  teaperature  values  of  Br  aeasured  on  toroids 
counted  in  the  housing  vas  about  98  to  99E  of  the  values  aeasured  on  the 
saae  toroids  loose.  Froa  data  presented  in  Section  5  it  can  be  inferred 
that  the  transverse  pressure  exerted  by  the  housing  is  less  than  200  PSI. 

Finally,  the  toroids  (aounted  in  the  housing)  vere  tested  at  high  RF  average 
power  with  water  cooling  applied  to  the  housing.  Again  the  B-H  loops  were 
aeasured  while  the  aaterial  vas  exposed  to  powers  of  up  to  400  V  average. 

The  differential  phase  shift  vas  also  aeasured  at  each  power  level  from  10 
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vatta  to  400  vatts  and  for  botk  incraasing  and  dacraasing  povars.  In  thaaa 
aaaauraaanta  tha  phasar  is  controllad  1^  a  flux  drivar,  which  doas  not 
produea  as  coaplata  switching  of  tha  toroids  as  doas  tha  latch  box.  This 
high  avaraga  RF  powar  rasultad  in  smm  hasting  of  tha  farrita  and  housing  to 
a  naxiauB  taaparatura  of  about  32*C  against  tha  16*C  hast  sink. 

Thaoratical  coaparisons  of  tha  affacts  of  taaparatura  and  powar  ara  possible 
using  tha  BMS  ganaratad  coaputar  analysis  prograa  called  PSAM.  Having 
aaasurad  values  of  Br  available  for  each  condition  of  operation  allowed 
these  units  to  be  aodalad  sore  accurately. 

6.2  TEMPERATURE  DATA 

Haasuraaants  of  raaanant  aagnetization  (Br)  and  differential  phase  shift  (Delta 
Phi)  versus  taaparatura  arc  presented  graphically  in  Figures  6-2  through  6-15. 
Sevan  (7)  aatcrials  ware  tested,  naaely  Trans-Tech's  G-1002  (.09  Hn)  and  EHS 
G-265  (.09  Mn,  .11  Mn,  .13  Mn,  .15  Mn,  .17  Mn,  and  .21  Mn).  For  each  aaterial 
Br  is  plotted  as  a  function  of  taaparatura  both  for  toroids  in  a  housing  and  for 
loose  toroids.  As  expected  tha  loose  toroid  data  shows  no  hysteresis  affacts 
and  is  plotted  for  reference.  The  second  plot  for  each  aaterial  is  a  low  power 
differential  phase  neasureaent  with  tha  Br  aeasuraaent  repeated  to  show  how 
phase  shift  and  rcanant  aagnetization  track  one  another.  In  each  case  the  data 
arc  plotted  on  a  noraalized  scale  so  that  the  aaterials  aay  be  coapared  easily. 
The  differential  phase  shift  for  each  aaterial  tested  was  near  115  degrees  at 
25*C.  Note  that  the  Trans-Tech  G-1002  (.09  Mn)  aaterial  is  on  a  slightly 
different  scale  than  the  other  aaterials  due  to  its  larger  aagnitude  of 
hysteresis.  Additionally,  arrows  are  included  on  each  plot  to  indicate  the 
sense  of  the  hysteresis  (clockwise  or  counterclockwise). 

Figure  6-2  shows  the  clockwise  sense  hysteresis  of  Br  for  the  Trans-Tech  G-1002 
(.09  Mn)  material.  Figure  6-3  shows  differential  phase  hysteresis  of  the  sane 
sense  and  aagnitude  («  20Z)  as  for  Br  of  this  aaterial. 

Figure  6-4  shows  that  EMS  G-265  (.09  Mn)  aaterial  has  clockwise  hysteresis  just 
as  the  Trans-Tech  aaterial  did,  but  with  a  much  reduced  magnitude  (less  than  12 
relative  to  loose  toroid  data).  Figure  6-5  shows  that  phase  and  Br  measurements 
track  closely. 


-  99  - 


Temperature  (deg  C) 


Phase  &  Br  vs.  Temperature 
TT  G1 002  (.09  Mn) 


Temperature  (deg  C) 


Br  vs.  Temperature 
EMS  G265-35  (.09  Mn) 


Temperature  (deg  C) 

FIGURB  6-4 


Phase  &  Br  vs.  Temperature 
EMS  G265-35  (.09  Mn) 


Temperature  (deg  C) 


Fifur««  6-6  and  6-7  shov  hystaraais  rasults  for  the  EMS  G-265  (.11  Nn)  aaterlal 
that  haa  the  aaae  aenae  (clockwiae)  and  nearly  the  saae  aagnitude  of  hyateresia 
aa  that  of  the  BMS  G-265  (.09  Hn)  aaterlal. 

Pigurea  6-8  and  6-9  ahov  reaulta  for  the  EMS  G-265  (.13  Mn)  aaterlal  vhlch 
Indicate  very  little  hyatereala  of  either  Br  or  Delta  Phi.  The  aaall  aaount  of 
hyatereala  (auch  leaa  than  IE)  that  la  dlaplayed  haa  a  counter  clockvlae  aenae. 
Thla  la  algnlf leant  becauae,  aa  vlll  be  aeen  later,  all  aaterlala  aeaaured  vlth 
higher  than  0.13  Mn  content  have  algnlf leant  counterclockvlae  hyatereala  of 
idiaae  and  reanant  aagnetlzatlon.  Theae  reaulta  Indicate  a  atreaa  Inaenaltlve 
coapenaatlon  point  for  a  Mn->-3  aubatltutlon  level  near  0.13. 

Pigurea  6-10  and  6-11  ahov  the  counter  clockvlae  hyatereala  of  Br  and  Delta  Phi 
for  the  EMS  G-26S  (.15  Hn)  aaterlal.  The  aagnitude  of  the  hyatereala  la  only 
allghtly  larger  than  that  of  the  .11  Mn  aaterlal  (vhlch  la  on  the  oppoalte  aide 
of  the  coapenaatlon  point). 

Pigurea  6-12  and  6-13  ahov  the  counterclockvlae  hyatereala  of  Br  and  Delta  Phi 
for  the  BMS  G-265  (.17  Mn)  aaterlal.  The  aagnitude  of  the  hyatereala  (■  4E)  la 
auch  larger  than  that  of  aaterlala  vlth  lover  Hn  dopinga. 

Pigurea  6-14  and  6-15  ahov  the  counterclockvlae  hyatereala  of  Br  and  Delta  Phi 
for  the  EMS  G-265  (.21  Mn)  aaterlal  vlth  aagnitude  near  5X. 

6.3  THERMAL  HTSTERESIS 

The  theraal  hyatereala  aeen  in  Pigurea  6-2  through  6-15  la  a  aajor  problea  for 
high  pover  ferrite  phaae  ahlftera,  pover  dividera  and  avitchea.  It  la  believed 
to  be  cauaed  by  differential  expanalon  of  the  ferrite  and  aetallic  vaveguide 
houalng  and  by  a  reaulting  longitudinal  atreaa  on  the  ferrite  toroida.  An 
interpretation  of  thla  effect  la  glvr’^  belov. 
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Br  vs.  Temperature 
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Hm  f«rrit«  and  diclactric  parts  ara  not  bonded  to  the  vaveguide,  but  rather 
held  in  place  friction  between  anting  surfaces  as  enhanced  by  a  transverse 
pressure  froa  top  to  bottoa  of  the  waveguide  structure.  When  asseabled  at  rooa 
teaperature  the  ferrite  and  dielectric  parts  rest  against  the  waveguide  bed  with 
no  longitudinal  stress  and  soae  aodest  transverse  stress  due  to  the  coverplate 
or  aetal  sheet.  As  the  teaperature  is  increased »  the  housing  (aluainua  in  this 
ease)  expands  aore  than  does  the  ferrite.  Friction  forces  between  the  ferrite 
and  the  aluainua  housing  then  cause  the  ferrite  to  be  pulled  longitudinally  as 
the  teaperature  rises.  The  ferrite  experiences  a  tensile  stress.  This  strain 
in  the  ferrite  can  be  relieved  by  the  ferrite  slipping  or  creeping  along  the 
surface  of  the  waveguide.  Such  creeping  will  occur  when  the  longitudinal  stress 
at  the  surface  of  the  ferrite  exceeds  the  frictional  forces  that  tend  to  drag 
the  ferrite  along  with  the  expanding  aluainua.  Thus  with  continuous  increases 
in  teaperature  the  ferrite  will  always  be  under  longitudinal  tensile  stress,  and 
soae  relief  of  this  stress  will  also  occur  continuously  by  the  creeping.  The 
aaount  of  longitudinal  stress  that  occurs  will  be  dependent  on  those  factors 
that  deteraine  friction  forces:  the  coefficient  of  friction  between  ferrite  and 
aluainua  (and  therefore  surface  finish  of  both  parts)  and  the  transverse  force 
or  pressure  that  bears  the  ferrite  against  the  aluainua. 

When  the  teaperature  begins  to  decrease,  the  aluainua  housing  shrinks  faster 
than  does  the  ferrite,  and  the  ferrite  experiences  a  longitudinal  coapression. 

On  this  decreasing  teaperature  cycle,  creeping  will  again  occur  whenever  the 
longitudinal  stress  exceeds  the  frictional  force.  The  net  result  is  that  the 
ferrite  is  always  under  longitudinal  coapression  as  the  teaperature  is  lowered. 

Several  experiaents  were  done  to  check  this  hypothesis.  In  one,  ferrites  were 
seai-rigidly  bonded  to  an  aluainua  plate,  and  in  a  second,  very  snail  cycles  in 
teaperature  were  used. 

When  the  0.09  Mn  substituted  garnet  was  heated  to  100*C  in  the  housing  (and  free 
to  creep  along  the  waveguide  surface)  the  aeasured  decrease  in  reaanent 
aagnetization  was  to  90. SX  of  its  rooa  teaperature  value.  Vhen  the  same  toroid 
was  bonded  to  an  aluainua  block  by  Scotchweld  to  reduce  creeping  and  heated  to 
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100*C  th«  r«HUi«nt  ugnctization  decreased  to  88X  of  its  rooe  teeperature  value. 
By  not  alloving  as  such  creeping  to  occur,  the  total  stress  is  increased,  as 
evidenced  by  the  greater  decrease  in  renanence.  It  vas  also  observed  that  the 
thenal  hysteresis  in  renanent  nagnetization  is  reduced  in  the  case  of  the 
toroid  bonded  to  the  netal.  Scotchveld  is  a  aoderately  ealleable  bond,  so  that 
relative  eotion  of  the  ferrite  and  netal  parts  vas  still  possible  in  this 
experiaent. 

In  the  second  experiaent,  the  tenperature  of  the  ferrite  vas  cycled  over  a  saall 
teaperature  range,  5*,  and  it  vas  observed  that  the  hysteresis  has  nearly  the 
sane  anplitude  as  that  seen  for  full  80*  teaperature  cycles.  This  shovs  that 
the  effect  results  froa  the  direction  of  change  in  tenperature,  not  froa  the 
total  change  in  tenperature.  Stresses  froa  the  total  change  in  tenperature  are 
relieved  by  creeping  after  soae  threshold  stress  is  reached.  This  threshold  is 
deterained  by  friction  and  therefore,  by  surface  finish  and  transverse  pressure. 

For  Mn  substitutions  of  0.11  or  less  the  clockvise  theraal  hysteresis  indicates 
that  a  longitudinal  tension  increases  the  renanent  flux  or  that  the  effect  in 
aagnetostrictive  coefficient  is  negative.  For  Hn  substitution  of  greater  than 
0.13  the  observed  counter  clockvise  theraal  hysteresis  indicates  that  a 
longitudinal  tension  decreases  the  reaanent  flux  or  that  the  aagnetostrictive 
coefficient  is  positive. 

It  should  perhaps  be  nentioned  that  the  ferrite  creeping  does  not  represent  a 
net  aigration  of  the  ferrite  toroid  dovn  the  vaveguide.  The  center  of  the 
toroid  presunably  stays  fixed  and  both  ends  aove  along  the  aetal  vlth  increasing 
and  decreasing  teaperatures. 

6.4  HIGH  AVERAGE  ROVER  DATA 

Results  of  the  high  average  pover  tests  are  presented  in  Figures  6-16  through 
6-22.  The  seven  aaterials  tested  are  the  sane  as  those  used  in  the  teaperature 
tests  of  Section  6.2.  CV  pover  levels  froa  10  Vatts  to  400  Watts  vere  used  as 
indicated  on  each  plot.  Corresponding  teaperature  due  to  RF  heating  is 
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Br  &  Phase  vs.  Temperature  (RF  Heating) 
EMS  G265-3S  (.09  Mn) 
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Br  &  Phase  vs.  Temperature  (RF  Heating) 
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Br  &  Phase  vs.  Temperature  (RF  Heating) 
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r«prM«nt«d  on  tho  x>«xia.  Tho  tonpornture  vns  noMurod  (and  aonltorod)  fron  a 
tharaiftor  nountad  to  tha  thin  vallad  drua  top  part  of  tha  houaing  juat  abova 
tha  farrita  aaction  in  tha  cantar  of  tha  vavaguida.  All  plota  ara  on  a 
nomaliaad  acala  vith  tha  acala  for  tha  Trana-Tach  6>1002  (0.09  Nn)  aatarial 
baing  ali^tly  diffarant  dua  to  ita  graatar  hyataraaia.  Am  bafora  in  tha 
taaparatura  data,  arrova  on  tha  plota  ara  uaad  to  indicate  the  aanaa  of  the 
hyataraaia  (clockviaa  or  countarclockviaa) .  For  each  aatarial,  both  rananant 
nagnatiaation  (Br)  and  diffarantial  phaaa  ahift  (Delta  Phi)  arc  plotted  on  tha 
aaaa  graph. 

Figure  6-16  ahova  that,  aa  in  the  taaparatura  taating,  the  Trana-Tach  6-1002 
(0.09  Mn)  aatarial  alao  axhibita  considerable  hyatereaia  vith  RF  heating.  The 
eanaa  of  tha  hyataraaia  ia  clockwiae  vith  a  aagnitude  «  6X. 

Figure  6-17  ahova  that  over  the  aeasured  range  of  RF  pover,  very  little 
hyatereaia  ia  detectable  for  the  RMS  G-265  (0.09  Mn  )  aatarial.  For  coapariaon, 
it  ahould  be  noted  that  thia  range  of  teaperaturea  for  the  RF  heating  teat  (1S*C 
to  30*0  ia  saall  coapared  to  the  range  of  teaperaturea  uaed  in  the  teaperature 
taata  (25*C  to  100*C)  of  aaction  6.2.  Therefore,  in  general  nuch  leas 
hyatereaia  ia  seen  in  the  RF  heating  data  than  in  the  teaperature  test  data. 

Siailar  to  the  0.09  Mn  aatarial,  Figures  6-18  and  6-19  shov  that  very  little 
hysteresis  is  associated  vith  either  the  EMS  6-265  (.11  Mn)  of  the  EMS  6-265 
(.13  Mn)  aaterials. 

The  data  for  the  EMS  6-265  (0.13  Mn)  naterial  of  Figure  6-20  ia  significant 
because,  as  in  the  teaperature  data,  all  aaterials  vith  higher  than  0.13  Mn 
content  have  a  counterclockvise  sense  of  hysteresis.  Again,  it  appears  that  a 
coapensation  point  exists  near  the  0.13  Mn  substitution. 

Figures  6-20  through  6-22  shov  the  aeasured  aagnitude  of  the  Br  and  phase 
hysteresis  to  bts  increasing  vith  the  higher  Mn  content  of  the  EMS  6-265  (0.15 
Mn),  EMS  6-265(0. '7  Mn),  and  EMS  6-265  (0.21  Mn)  materials  respectively.  For  the 
0.21  Mn  doping  the  hysteresis  reaches  a  magnitude  of  about  AX.  In  each  case  the 
hysteresis  is  counterclockvise. 
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Aa  noted  in  tho  figures,  the  teeperature  of  the  test  phaser  varied  froe  near 
15*C  at  lov  pover  (teaperature  resulting  froe  tap  vater  flowing  through  the 
■ounting  plate)  to  about  32 *C  aeasured  at  the  400  watt  level  (with  the  saee 
cooling  of  nounting  plate).  Over  this  teeperature  and  pover  range,  the 
G-265  eaterial  vith  0.09  Nn,  0.11  Hn,  0.13  Hn,  and  0.15  Hn  substitutions 
perf oread  aleost  equally  veil.  Large  changes  in  aebient  teaperatures  would 
effect  data  as  noted  in  Figures  6-4  through  6-11.  Figure  6-23  (a  through  i) 
present  typical  experiaental  data  collected  for  the  high  pover  eeasureaents. 

As  noted  in  these  data,  128  phase  states  were  aeasured  at  each  pover  level. 
Thirty-tvo  of  these  states  vere  printed  for  each  power  level  to  Investigate 
the  stability  of  partially  switched  states.  Figure  6-24  is  a  plot  of  change 
vith  pover  level  for  partial  switched  phase  states.  These  results  are 
tsrpical  of  all  the  aaterials  tested.  The  partially  switched  states  show 
hysteresis  responses  that  appear  to  be  percentage  vise  constant  within 
experinental  error. 
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TEHF  MEASURED  ON  OUT-  22.8728227587 

TOTAL  DELTA  PHASE  -  98.5227 


128 

STATES 

MEASURED 

STATE 

8 

.1932  0E6REES 

STATE 

128 

.5547  DEGREES 

STATE 

256 

5.4895 

DEGREES 

STATE 

384 

7.9882 

DEGREES 

STATE 

512 

9.8883 

DEGREES 

STATE 

648 

11.5898 

DEGREES 

STATE 

768 

14.7419 

'DEGREES 

STATE 

896 

19.8392 

DEGREES 

STATE 

1824 

28.7443 

DEGREES 

STATE 

1152 

.  23.8187 

DEGREES 

STATE 

1288 

24.3223 

DEGREES 

STATE 

1488 

26.2757 

DEGREES 

STATE 

1536 

28.5746 

DEGREES 

STATE 

1664 

31.3581 

DEGREES 

STATE 

1792 

35.3842 

DEGREES 

STATE 

1920 

38.5961 

DEGREES 

STATE 

2048 

41.8918 

DEGREES 

STATE 

2176 

45.239 

DEGREES 

STATE 

2304 

48. 1034 

DEGREES 

STATE 

2432 

51 .2023 

DEGREES 

STATE 

2560 

51.7893 

DEGREES 

STATE 

2688 

55.3132 

DEGREES 

STATE 

2816 

59.3356 

DEGREES 

STATE 

2944 

63.5372 

DEGREES 

STATE 

3072 

67.4732 

DEGREES 

STATE 

3200 

71 . 161 

DEGREES 

STATE 

3328 

75.1647 

DEGREES 

STATE 

3456 

79.6644 

DEGREES 

STATE 

3584 

84.7049 

DEGREES 

STATE 

3712 

89.6172 

DEGREES 

STATE 

3840 

94.4  DE6REES 

STATE 

3968 

97.8403 

DEGREES 

G265-37D/.13  Mn  200W 
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NRL  MATERIAL  STUDY 

HIPOUER  TEST  results  ^  ^3  (d) 

le  Apr  1952 
12:05:32 

370/.13MN 


TESTED  AT  305.8 

NEASIMED  insertion  loss-  .52  dB 
TEHP  HEASUREO  ON  OUT-  26.6241621678 

TOTAL  DELTA  PHASE  -  97.7171 


128 

STATES  HEASUREO 

STATE 

0 

.3819  DEGREES 

STATE 

126 

.9434  1 

DEGREES 

STATE 

2S6 

5.4841 

DEGREES 

STATE 

384 

7.5478 

DEGREES 

STATE 

512 

8.5721 

DEGREES 

STATE 

646 

18.3613 

DEGREES 

STATE 

768 

13.6365 

DEGREES 

STATE 

896 

17.7826 

'DEGREES 

STATE 

1824 

19.2025 

'  DEGREES 

STATE 

1152 

21.2297 

DEGREES 

STATE 

1288 

22.9668 

DEGREES 

STATE 

1488 

24.9353 

DEGREES 

STATE 

1536 

27.2282 

DEGREES 

STATE 

1664 

30.1811 

DEGREES 

STATE 

1792 

33.1412 

DEGREES 

STATE 

1920 

36.3358 

DEGREES 

STATE 

2048 

39.8442 

DEGREES 

STATE 

2176 

42.7996 

DEGREES 

STATE 

2304 

45.7926 

DEGREES 

STATE 

2432 

48.9511 

DEGREES 

STATE 

2560 

49.5777 

DEGREES 

STATE 

2688 

53.1978 

DEGREES 

STATE 

2816 

57.2896 

DEGREES 

STATE 

2944 

61 .5869 

DEGREES 

STATE 

3072 

65.7565 

DEGREES 

STATE 

3200 

69.6423 

DEGREES 

STATE 

3328 

73.8238 

DEGREES 

STATE 

3456 

78. 1226 

DEGREES 

STATE 

3584 

81.272 

DEGREES 

STATE 

3712 

88.8982 

DEGREES 

STATE 

3840 

93.8076 

DEGREES 

STATE 

3568 

96.0067 

DEGREES 

G265>37D/.13  Mn  300W 
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Br  Avg  -  1319.0  in  Millivolts 
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NRL  MATERIAL  STUDY 


HIPOWER  TEST  RESULTS  FIGURE  6-23  (e) 

10  Apr  19S2 
12:24: 12 


370/. 13MN 


TESTED  AT  395.3  WATTS 


MEASURED  INSERTION  LOSS-  .51  dB 
TEMP  MEASURED  ON  OUT-  30.15752554 

total  DELTA  PHASE  -  97.2764 


128 

STATES 

MEASURED 

STATE 

e 

.8622  0E6REES 

STATE 

128 

3.5585 

DEGREES 

STATE 

2SE 

4.7353 

DEGREES 

STATE 

384 

6.6435 

DEGREES 

STATE 

512 

7.5482 

DEGREES 

STATE 

648 

9.881  DEGREES 

STATE 

768 

12.2577 

DEGREES 

STATE 

896 

15.8431 

DEGREES 

STATE 

1824 

17.3742 

DEGREES 

STATE 

1152 

19.2932 

DEGREES 

STATE 

1288 

21.8341 

DEGREES 

STATE 

1488 

22.9259 

DEGREES 

STATE 

1536 

25.128 

DEGREES 

STATE 

1664 

27.945 

DEGREES 

STATE 

1792 

38.9498 

DEGREES 

STATE 

1928 

34.4856 

DEGREES 

STATE 

2848 

37.5667 

DEGREES 

STATE 

2176 

48.889 

DEGREES 

state 

2384 

43.5957 

DEGREES 

STATE 

2432 

46.5639 

DEGREES 

STATE 

2568 

58.4783 

DEGREES 

STATE 

2688 

54.6296 

DEGREES 

STATE 

2816 

58.8495 

DEGREES 

STATE 

25A4 

63.0827 

DEGREES 

STATE 

3872 

66.9984 

DEGREES 

STATE 

3208 

58.0615 

DEGREES 

^  !  t 

332  S 

72.3803 

DEGREES 

state 

j45E 

77.2612 

DE&REES 

STATE 

3584 

e2,E£S2 

DEGREES 

STATE 

3712 

87,882 

DEGREES 

state 

3848 

91 ,6164 

DEGREES 

STATE 

3966 

97.9365 

DEGREES 

Br  Avg  «  1309.67  In  Millivolts 
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NRL  MATERIAL  STUDY 


HIPOWER  TEST  RESULTS  FIGURE  6-23  (f) 

10  Apr  1992 
12:44:25 


37D/. 13MN 


TESTED  AT  293.5 


MEASURED  INSERTION  LOSS-  .52  dB 
TEHP  MEASURED  ON  OUT-  26.6072032902 

TOTAL  DELTA  PHASE  ■  97.2372 


128 

STATES  MEASURED 

STATE 

0 

.0176  0E6REES 

STATE 

128 

.1766  0E6REES 

STATE 

256 

4.9SI4 

0E6REES 

STATE 

384 

7.1226 

DEGREES 

STATE 

512 

8.1732 

DEGREES 

STATE 

640 

9.8289 

DEGREES 

STATE 

768 

13.1085 

DEGREES 

STATE 

896 

16.9183 

DEGREES 

STATE 

1024 

18.4485 

DEGREES 

STATE 

1152 

28.4382 

DEGREES 

STATE 

1280 

22.0242 

DEGREES 

STATE 

1408 

24.0362 

DEGREES 

STATE 

1536 

26.303 

DEGREES 

STATE 

1664 

28.7271 

DEGREES 

STATE 

1792 

32.204S 

DEGREES 

STATE 

1920 

35.5636 

DEGREES 

STATE 

2048 

38.7248 

0E6REES 

STATE 

2176 

41.8256 

DEGREES 

STATE 

2304 

44.6619 

DEGREES 

STATE 

2432 

47.8477 

DEGREES 

STATE 

2560 

48.4499 

DEGREES 

STATE 

2668 

51.9643 

DEGREES 

STATE 

2816 

56.208 

DEGREES 

STATE 

2944 

60.5585 

DEGREES 

STATE 

3072 

53.205G 

DEGREES 

STATE 

3200 

68.5922 

DEGREES 

STATE 

3328 

72.0693 

DEGREES 

5TATF 

34  5S 

74.7204 

DEGREES 

STATE 

3584 

82.7522 

C'EGREES 

STATE 

3712 

67 . 9706 

DEGREES 

STATE 

3S40 

92.9352 

DEGREES 

STATE 

3968 

97 . 3436 

DEGREES 

1227  10  APR  92 


1326. 


Br  Avg  *  1326.0  in  Millivolts 


I«IL  MATERIAL  STUDY 

HIPOWER  TEST  RESULTS  FIGURE  6-23  (g) 

18  Apr  1992 
13:22:04 

370/ . 1 3MN 


TESTED  AT  198.6  ^ATTS 

MEASURED  INSERTION  LOSS-  .53  dB 
TEHP  HEASUREO  ON  OUT-  23.1770465798 

TOTAL  DELTA  PHASE  -  98.1333 


128 

STATES 

MEASURED 

STATE 

0 

.0619  DEGREES 

STATE 

128 

.3231  DEGREES 

STATE 

256 

5.3907 

DEGREES 

STATE 

384 

7.2577 

DEGREES 

STATE 

512 

8.5019 

DEGREES 

STATE 

640 

10.804 

DEGREES 

STATE 

768 

14.1639 

DEGREES 

STATE 

896 

18.4225 

DEGREES 

STATE 

1024 

2O..0137 

DEGREES 

STATE 

1152 

22.329 

DEGREES 

STATE 

1280 

23.8632 

DEGREES 

STATE 

1408 

26.0969 

DEGREES 

STATE 

1536 

28.4644 

DEGREES 

STATE 

1664 

31.4083 

DEGREES 

STATE 

1792 

34.4412 

DEGREES 

STATE 

1920 

37.9527 

DEGREES 

STATE 

2048 

41 .0032 

DEGREES 

STATE 

2176 

44.2042 

DEGREES 

STATE 

2304 

47.2S4S 

DEGREES 

STATE 

2432 

50.2227 

DEGREES 

STATE 

2560 

50.9586 

DEGREES 

STATE 

2688 

54.2471 

DEGREES 

STATE 

2815 

5S.3S2 

DEGREES 

STATE 

2944 

59.8012 

DEGREES 

STATE 

3072 

65.4999 

DEGREES 

STATE 

3200 

70.5573 

DEGREES 

STATE 

3328 

74.2997 

DEGREES 

STATE 

3456 

78.7075 

DEGREES 

STATE 

3584 

83.8976 

DEGREES 

STATE 

3712 

SS. 178 

DEGREES 

STATE 

3840 

92.4176 

DEGREES 

STATE 

3956 

98.8672 

DEGREES 

G265-37D/.13  Mn  200W 
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NRL  MATERIAL  STUDY 


HIPOUER  TEST  RESULTS  FIGURE  6-23  (h) 

10  Apr  1992 
14:04:11 

37D/. 13MN 


TESTED  AT  101.8 

MEASURED  INSERTION  LOSS*  .53  dB 


TEMP  MEASURED  ON  OUT-  19.538300683 

TOTAL  DELTA  PHASE  -  98.8752 


128 

STATES  MEASURED 

STATE 

0 

.2356  DEGREES 

STATE 

128 

2.7806 

DEGREES 

STATE 

256 

5.4168 

DEGREES 

STATE 

384 

7.7503 

DEGREES 

STATE 

512 

9.1099 

DEGREES 

STATE 

640 

12.2444 

DEGREES 

STATE 

768 

15.2726 

DEGREES 

STATE 

896 

19.5125 

DEGREES 

STATE 

1024 

2l.35i25 

DEGREES 

STATE 

I1S2 

23.5642 

DEGREES 

STATE 

1280 

25.4014 

DEGREES 

STATE 

1408 

27.4305 

DEGREES 

STATE 

1536 

29.9885 

DEGREES 

STATE 

1664 

32.9442 

DEGREES 

STATE 

1792 

36.0553 

DEGREES 

STATE 

1920 

39.3938 

DEGREES 

STATE 

2048 

42.695 

DEGREES 

STATE 

2176 

46.176 

DEGREES 

STATE 

2304 

48.9624 

DEGREES 

STATE 

2432 

51 .8504 

DEGREES 

STATE 

25GG 

55.2565 

DEGREES 

STATE 

2688 

59.2577 

DEGREES 

STATE 

2816 

63.5319 

DEGREES 

STATE 

2944 

67.4134 

DEGREES 

STATE 

3072 

70.8505 

DEGREES 

STATE 

3200 

74.6055 

DEGREES 

STATE 

5328 

79. 1 105 

DEGREES 

STATE 

5456 

83.9008 

DEGREES 

STATE 

3584 

88.6346 

DEGREES 

STATE 

3712 

93.0869 

DEGREES 

STATE 

384S 

97.6057 

DEGREES 

STATE 

3965 

102.4434 

DEGREES 

G265-37D/.13  Mn  lOOW 


1407  10  APR  92  1342 

Br  Avg  *  1342.67  in  Millivolts 


N* 


t4RL  MftTERIftL  STUDY 


HIPOWER  TEST  RESULTS  FIGURE  6-23  (i) 

te  Apr  1992 
14:31 :00 

37D/.13MN 


TESTED  AT  9.78 


MEASURED  INSERTION  LOSS-  .55  dB 


TEMP  MEASURED 

ON  OUT-  16 

.4302363404 

TOTAL 

DELTA  PHASE  «  98 

.8742 

126 

STATES 

MEASURED 

STATE 

e 

.5596  0E6REES 

STATE 

126 

.4711  DEGREES 

STATE 

256 

4.6946 

DEGREES 

STATE 

384 

6.1802 

DEGREES 

STATE 

S12 

9.408  DEGREES 

STATE 

640 

12.7564 

DEGREES 

STATE 

766 

15.8078 

DEGREES 

STATE 

896 

20.2316 

DEGREES 

STATE 

1024 

22.1845 

DEGREES 

STATE 

1152 

24.6308 

DEGREES 

STATE 

1280 

26.5123 

DEGREES 

STATE 

1406 

28.7946 

DEGREES 

STATE 

1536 

31.2353 

DEGREES 

STATE 

1664 

34.1013 

DEGREES 

STATE 

1792 

37.6405 

DEGREES 

STATE 

1920 

41 .0965 

DEGREES 

STATE 

2046 

44.3425 

DEGREES 

STATE 

2176 

47.4988 

DEGREES 

STATE 

2304 

50.4951 

DEGREES 

STATE 

2432 

53.6071 

DEGREES 

state 

2560 

57.1218 

DEGREES 

STATE 

2666 

60.6376 

DEGREES 

state 

2816 

64.5867 

DEGREES 

state 

2944 

66.6564 

DEGREES 

STATE 

3072 

72.1749 

DEGREES 

STATE 

3200 

75.8442 

DEGREES 

STATE 

3328 

79-7041 

DEGREES 

STATE 

3456 

84.2391 

DEGREES 

STATE 

3584 

88.7195 

DEGREES 

STATE 

3712 

93.4999 

DEGREES 

STATE 

3840 

97.9788 

DEGREES 

STATE 

3968 

102.6739 

DEGREES 

G265-  37D/.13  Mn  lOW 
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Phase  vs.  Temperature  (RF  Heating) 
EMS  G265-37(.13Mn) 


!Md  BJiea 
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/ 


Temperature  (deg  C) 


7.0  STATIC  TESTS  AND  PIASER  DATA  (PHASE  II) 

7.1  STATIC  TESTS 

A  rnnbcr  of  test  fixtures  were  evslueted  toward  achieving  a  static  test 
fixture  (no  Rf)  that  could  be  used  to  evaluate  the  stress  characteristics  of 
the  aaterials  in  an  environaent  similar  to  that  actually  experienced  in  a 
waveguide  phase  shifter  structure.  Capturing  this  aaterial  in  the  phaser 
structure  generally  produces  soae  stress  (such  as  top-to-bottoa  crush  in  a 
waveguide  structure;  a  very  tight  fit  is  required  to  provide  acceptable 
microwave  performance).  Once  captured  in  this  waveguide  Rf  structure»  the 
material  may  experience  additional  stress  as  a  function  of  temperature 
(and/or  Rf  power)  due  to  the  different  thermal  expansion  characteristics  of 
the  ferrite  material  and  the  metallic  Rf  structure  in  which  (waveguide)  or 
on  which  (metallic  carrier/substrate)  the  aaterial  is  housed. 

The  aaterial  can  thus  potentially  experience  many  of  the  stresses 
pictorlally  presented  and  defined  in  Pigure  3-5.  In  a  phase  shifter 
structure  the  material  most  often  will  be  experiencing  a  multi-directional 
stress  environment. 

Characterizing  the  aaterial  in  a  uni-directional  stress  environaent 
(relative  to  the  magnetization)  would  be  a  valuable  evaluation  of  the  stress 
sensitivity.  The  test  fixture  and  data  presented  in  Section  5  provided  some 
characterization  of  this  type.  It  is  believed  that  high  stress  levels  nay 
distort  the  sample  and  result  in  uni-directional  pressure  producing  a 
multi-directional  stress.  Most  materials  were  observed  to  be  more  stress 
sensitive  to  bending,  twisting  or  bowing  stresses  (resultant  stresses  that 
are  not  uni-directional  relative  to  the  magnetization). 

The  applied  stresses  and  the  resultant  stress  sensitivity  of  the  material 
cannot  be  directly  equated  to  the  crystallographic  magnetostrictive 
constants,  ^00*  presented  in  Figure  3-17,  since 

uni -directional  stress  and  uni-directional  magnetization  cannot  be  achieved 
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in  a  polycrystalline  aaterial  in  a  rananent  aagnetlsation  state.  However 
SOM  reasonable  correlation  with  the  value  of  Mfnetostrictive  constants 
should  be  achieved  that  will  allow  for  predicting  stress  sensitivity  in 
Phaser  structures  fron  static  Masureaents  and  evaluations. 

Fixtures  evaluated  that  applied  pressure  to  the  toroidal  naterial  sanples 
via  SOM  type  of  threaded  (screw)  Mchanisa  appeared  to  crMp  when 
tenperatures  cycled.  Data  was  very  difficult  to  reproduce. 

The  test  fixture  referred  to  as  the  phaser  sinulator  test  fixture  (PSTF)  and 
describe*^  in  Section  3.3  (see  Figure  3-13)  was  the  best  structure  for  static 
evaluations  of  the  stress  sensitivity  of  Mterial.  Good  correlation  of 
results  was  obtained  with  phase  data  on  the  saM  Mterial  in  phase  shifter 
housings. 

As  indicated  in  Section  5,  the  pressure  (stress)  actually  applied  to  and 
experienced  by  the  ferrite  toroids  in  a  waveguide  phaser  was  initially 
unknown.  Data  were  thus  collected  at  different  stress  levels;  correlations 
of  the  data  collected  indicates  that  stress  levels  near  100  PSI  are  typical 
for  soft  top  waveguide  phaser  structures.  Static  stress  data  reported  in 
this  section  using  the  PSTF  includes  results  observed  up  to  500  PSI  applied 
stress. 

The  nanganese  (Mn)  substituted  yttriun  gadoliniun  garnets  (composition 
G-265)  as  previously  discussed  were  the  Initial  Mterials  evaluated.  Data 
presented  in  Section  5  and  6  strongly  suggests  that  a  Mn  substitution  of 
0.11  to  0.13  appeared  to  provide  the  least  stress  sensitive  composition. 

NorMlized  Br  versus  temperature  data  (25*C  to  100*C)  for  each  of  the 
manganese  substituted  G-265  garnet  compounds  studied  are  presented  in  Figure 
7-1.  These  data  show  a  temperature  hysteresis  as  discussed  in  Section  6.0. 
The  hysteresis  is  clockwise  (CV)  for  Mn  substitutions  of  0.09  and  0.11  and 
counterclockwise  (CCV)  for  substitution  of  0.13,  0.15,  0.17  and  0.21.  The 
CW/CCV  change  in  direction  of  the  hysteresis  with  temperature  is  related  to 
a  change  from  minus  to  plus  of  the  magnetostrictive  characteristics. 
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Br  (normalized,  5%  per  division) 


Br  vs.  Temperature 

100  PSI  Transverse  Stress 


FIGURE  7-1  NORMALIZED  Br  VERSUS  TEMPERATURE  FOR  Mn  SUBSTITUTED  G-265  IN 
THE  PHASER  SIMULATOR  TEST  FIXTURE  AT  100  PSI  TRANSVERSE 
COMPRESSIVE  STRESS 
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Zn  tlMM  data  tha  toroids  vara  capturad  in  tha  PSTF  vlth  a  top  to  bottoa 
eruah  (transvarsa  strass)  of  100  PSI.  Hinor  changas  in  tha  hystarasis 
raaponsas  vara  obsarvad  and  notad  for  this  appllad  constant  strass.  In  tha 
lags  of  tha  toroid  undar  strass*  tha  raaanant  aagnatisation  (Br)  is  on  tha 
avaraga  parallal  to  this  transvarsa  strass;  as  tha  taaparatura  is  Incraasad 
tha  aatallic  fixtura  axpands  aora  (hi^ar  coafficiant  of  axpansion)  than 
doas  tha  gamat  aatarial  and  this  rasults  in  a  longitudinal  tansional  strass 
(pulling)  on  tha  toroid.  If  tha  avaraga  aagnetostrictiva  constant  is 
nagativa  for  tha  aatarial*  tha  aagnatostrictive  forces  vould  tand  to  support 
aidiancad  aagnatisation  alignaant  parpandicular  to  this  strass.  This  vould 
ha  in  tha  direction  to  increase  raaanant  aagnatisation.  Since  aagnatisation 
in  these  garnets  intrinsically  decreases  vith  Incraasad  taaparatura*  tha 
raaultant  Br  is  lover  due  to  tha  higher  taaparatura  but  slightly  enhanced 
due  to  tha  atrass.  This  process  continues  up  to  tha  aaxiaua  test 
taaparatura  (100*C  in  this  case).  During  this  period,  tha  toroid  and  tha 
housing  creep  or  slip  (as  described  in  Section  6.3)  and  tdien  tha  taaparatura 
cycle  is  ravarsad  (100*C  to  25 *C)*  tha  toroid  axpariancas  a  longitudinal 
coaprassiva  stress.  For  a  nagativa  avaraga  aagnatostrictive  constant*  tha 
resultant  aagnatostrictive  forces  vould  tand  to  support  alignaant  of  tha 
aagnatisation  vith  tha  strass  and  undar  this  condition*  reduce  tha  net 
raaanant  aagnatisation.  Tha  result  is  a  clockvisa  taaparatura  hystarasis 
like  that  obsarvad  for  tha  0.09  Hn  substituted  G-265. 

If  tha  avaraga  aagnatostrictive  constant  is  positive,  the  reverse  of  the 
previous  observation  vould  occur  and  a  counterclockvise  taaparatura 
hystarasis  vould  be  observed.  A  aaterial  vith  near  sero  average 
aagnatostrictive  properties  vould  exhibit  snail*  if  any,  taaparatura 
hysteresis.  The  "parrot  beak"  shape  of  the  curves  between  80*C  and  100"C 
turns  up  for  CV  and  dovn  for  CCV  hysteresis  due  to  the  single  data  point  at 
the  point  of  teaperature  reversal  (100*C). 

It  is  recognized  that  the  transverse  stress  on  the  toroid  (top  to  bottoa 
crush)  nay  also  be  changing  vith  teaperature  and  thus  contributes  to  the 
observed  data.  This  transverse  stress  variation  vith  temperature  was 
conputed  to  be  less  than  ±  SPSI  over  the  temperature  range  of  25"C  to  100"C. 
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TIm  data  praaantad  in  Figura  7-1  indicatas  that  ainimia  strata  sansitivity 
in  this  structura  vith  its  associatad  strassas  occurs  for  a  Mn  substitution 
of  0.11  to  0.13.  This  supports  tha  conclusion  raachad  for  tha  static  stress 
data  praaantad  in  Figure  S-9. 

These  saaa  coivounds  vara  also  evaluated  in  tha  FSTF  at  200  PSI  transverse 
stress  and  tha  data  are  praaantad  in  Figura  7-2.  These  data  vould  suggest 
that  tha  bast  stress  insensitive  aatarial  is  shifted  slightly  toward  tha 
O.llMn  substituted  coaposition. 

Many  of  tha  other  aatacials  listed  in  Table  4-2  vara  also  evaluated  in  tha 
PSTF  at  100  PSI  transverse  stress.  These  data  are  presented  in  Figures  7-3, 
7-4,  7-5  and  7-6. 

The  responses  presented  in  Figure  7-3  show  three  pairs  of  aaterials  that  are 
siailar  in  basic  coaposition  but  vith  different  aanufacturers  and  different 
Mn  substitutions.  6-231-134B  is  an  EMS  processed  coaposition  that  is  very 
siailar  to  Trans-Tech  TT6-1600.  The  BMS  coaposition  contains  0.13Mn  and  the 
Trans-Tech  G-1600  has  0.09Mn.  The  Trans-Tech  0.09Hn  coapound  exhibits  a 
clockvise  teaperature  hysteresis  and  the  0.13Mn  EMS  coapound  has 
considerable  less  hysteresis  in  a  CCV  direction. 

The  BMS  G293-5  is  a  siailar  coapound  to  Trans-Tech  61010.  The  G293-5  has 
0.17Mn  substitution  and  the  61010  has  0.09Mn.  These  two  responses,  one  CV 
(0.09)  and  one  CCV  (0.17),  appear  to  exhibit  teaperature  hysteresis  of 
nearly  the  saae  aagnitude  suggesting  a  stress  coapensated  coaposition  in  the 
region  of  0.12  to  0.13Mn. 

The  6-273-12  (0.17Mn)  and  TT  6800  (0.09)  have  4ISts  values  near  800  gauss  but 
nay  be  soaevhat  different  in  basic  coaposition.  The  teaperature  hysteresis 
characteristics  are  siailar  to  that  observed  for  the  other  0.09  (CV)  and 
0.17Mn  (CCV)  coapounds. 

Figure  7-4  is  a  lithiua-titaniua  ferrite  vith  a  4iiMs  near  1300  gauss.  These 
data  are  presented  for  reference  only. 
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Br  (normalized,  5%  per  division) 


Br  vs.  Temperature 
200  PSI  Transverse  Stress 
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20  30  40  50  60  70  80  90  1 00 
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FIGURE  7-2  NORMAUZBD  Br  VERSUS  TEMPERATURE  FOR  Mn  SUBSTITUTED  G-265 
IN  THE  PHASER  SIMUUTOR  TEST  FIXTURE  AT  200  PSI  TRANSVERSE 
COMPRESSIVE  STRESS 
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Br  vs.  Temperature 
100  PS  I  Transverse  Stress 
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FIGURE  7-4  NORMALIZED  Br  VERSUS  TENPBRATURB  FOR  LITHIUM-TITANIUM  FERRITE 
IN  THE  PSTF  AT  100  PSI  TRANSVERSE  COMPRESSIVE  STRESS 


Br  vs.  Temperature 
100  PSI  Transverse  Stress 


FIGURE  7-5  NORMALIZED  Br  Vt«SV9  TtMFtBATUBI  FOB  CtBlUH  SUBSTITUTED  TIG 
IN  PSTP  AT  100  PSt  nJOnmM  COnPBBSStVB  STRESS 


Br  (normalized,  5%  per  division) 


Br  vs.  Temperature 
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G-354  YIG  (16.7ZTbIG) 
G-356  YIG  (35ZTbIG) 


PIGURB  7-6  NORMALIZED  Br  VERSUS  TEMPERATURE  POR  YIG/TbIG  IN  PSTP  AT  100 
PSI  TRANSVERSE  COMPRESSIVE  STRESS 
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Figure  7-5  presents  the  date  on  the  ceriue  substituted  TIG  (coeposition 
presented  in  Section  4.0).  Neither  of  the  coepounds  exhibit 
eherecteristics  indicating  that  cerlua  can  be  used  to  reduce  the  stress 
sensitivity  of  TIG.  Of  Interest  in  this  data  is  a  aini-teaperaturc  cycle  at 
60*C  to  5S*C  and  back  up  to  60*C.  The  Br  data  collected  are  indicated  on 
the  graph  (Figure  7-5)  which  shows  that  the  Br  would  cycle  around  the 
hysteresis  response. 

Figure  7-6  shows  the  data  collected  on  saaples  of  the  TIG  (Tb)  garnets 
discussed  in  Section  2.0  and  Figures  2-7  end  2-8.  These  coapounds  are  not 
suitable  for  phaser  applications,  but  the  16. 7T  TbIG  *  83. 3Z  TIG  (G-354) 
exhibits  excellent  stress  insensitive  characteristics.  At  this  stress 
level,  the  pure  TIG  (G352)  exhibited  considerably  better  characteristics 
than  expected.  Note  the  data  for  G-356  which  indicates  that 
aagnetostrictive  influence  (forces)  on  the  reaanent  aagnetization  can 
coapletely  offset  the  noraal  decline  of  reaanent  aagnetization  with 
teaperature.  In  this  case  the  Br  Increased  with  teaperature  under  the 
influence  of  the  stress  experienced  by  the  toroidal  saaple. 

Soae  of  these  saae  aaterials  were  evaluated  using  a  transverse  stress  of 
200PSI  and  these  data  are  presented  in  Figure  7-7.  At  this  stress  level 
soae  of  the  aaterials,  particularly  the  Trans-Tech  0.09Hn  substituted 
coapounds,  exhibited  an  initial  increase  in  Br.  This  response  is  not 
Inconsistent  with  the  previous  data  and  associated  conclusions. 

Figure  7-8  coapares  directly  the  stress  response  of  the  EHS  G265  (0.09Mn) 
with  the  Trans-Tech  TT  G1002  (0.09Hn).  A  considerable  teaperature 
hysteresis  is  observed  for  both  of  these  coapounds  indicating  stress 
sensitive  characteristic  in  the  PSTF.  The  aicrostructures  of  these  two 
aaterials  are  different  based  on  the  aeasured  coercive  field.  The  TT  G1002 
has  coercive  field  about  one-half  as  large  as  the  EHS  G265  as  a  result 
priaarily  of  aicrostructure  (grain  size).  In  this  case,  the 
aagnetostrictive  influence  on  the  aagnetization  would  be  greater  in  a 
aaterial  with  lower  coercive  field.  This  is  believed  to  be  reason  for  the 
difference  in  the  teaperature  hysteresis  response  of  these  two  compounds. 
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Br  vs.  Temperature 
200  PSI  Transverse  Stress 


o  G-203(0.13  Mn)  CCW 

□  G-231(0.13  Mn)  CCW 

■  G~1600(0.09  Mn)  CW 

V  G-800(0.09  Mn)  CW 
W  G-273(0.17  Mn)  CCW 
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FIGURE  7-7  MORMAUZED  Br  VERSUS  TEMPERATURE  FOR  VARIOUS  Mn  SUBSTITUTED 
GARNET  MATERIALS  IN  TBE  PSTF  AT  200  PSI  TRANSVERSE 
COMPRESSIVE  STRESS 
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Br  (normalized,  5%  per  division) 


Br  vs.  Temperature 
200  PSI  Transverse  Stress 
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FIGURE  7-8  NORHALIZED  Br  VERSUS  TEMPERATURE  FOR  0.09  Mn  SUBSTITUTED  G-265 
AND  TT  G-1002  IN  PSTF  AT  200  PSI  TRANSVERSE  COMPRESSIVE  STRESS 
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SoM  coapounds  vcr«  evaluated  at  300PSI  transverse  stress  and  these  data  are 
presented  in  Figure  7-9. 

Initially*  soae  data  vere  collected  at  transverse  stress  levels  of  500  to 
600  PSI.  At  this  level  soae  of  the  test  saaples  broke  or  had  saall  sections 
sheared  off  the  ends  during  teaperature  cycling.  For  coapleteness*  soae  of 
the  data  on  toroids  that  survived  are  presented  in  Figure  7-10.  This  is 
believed  to  be  a  transverse  stress  level  considerably  higher  than  that 
typically  encountered  in  soft  top  phaser  structures. 

The  aagnesiua-aanganese  ferrite  naterials  such  as  Trans-Tech  TTl-105  have 
been  identified  as  naterials  that  exhibit  essentially  no  sensitivity  to 
stress*  and  if  the  garnet  materials  could  be  formulated  to  possess  slailar 
stress  insensitive  characteristics* they  would  offer  iaproved  performance  in 
phase  shifter  structures. 

Figure  7-11  compares  the  stress  sensitivity  characteristic  of  soae  of  the  Mn 
substituted  garnet  compounds  generated  during  this  development  program  with 
that  of  TT  1-105.  The  O.llMn  to  0.13Mn  substituted  hybrid  TIG  compounds 
exhibit  stress  sensitivity  comparable  to  that  of  TT  1-105.  The 
yttriua-gadoliniun  iron  garnets  (TGdIG)  like  G-265  have  less  intrinsic 
temperature  sensitivity  of  saturation  and  remanent  magnetization  than  the 
magnesium  manganese  ferrite  as  shown  in  this  figure  ^Ich  is  advantageous  to 
many  applications. 

7.2  DATA  IN  PHASER  BOUSING 

The  previous  data  presented  in  Section  7.1  vere  collected  in  the  PSTP  using 
single  toroids  of  approximately  one-inch  length.  This  fixture  characterized 
the  relative  Br  versus  temperature  of  the  various  naterials  in  a  simulated 
phase  shifter  configuration.  The  fixture  was  designed  to  evaluate  the 
stress  sensitivity  of  naterials  in  a  static  (non-Rf)  environment 
sufficiently  well  to  predict  perfornance  in  actual  dual  toroid  waveguide 
Phaser  structures. 
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Br  vs.  Temperature 
300  PSI  Transverse  Stress 


20  30  40  50  60  70  80  90  100 
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TT-G1600  (.09  Mn)  H—  TT-G1002  (.09  Mn)  G-265  (.17  Mn) 
-B-  G-265  (.21  Mn) 


FIGURE  7-9  NORMALIZED  Br  VERSUS  TEMPERATURE  FOR  VARIOUS  Mn  SUBSTITUTED 
GARNETS  IN  PSTF  AT  300  PSI  TRANSVERSE  COMPRESSIVE  STRESS 
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Br  vs.  Temperature 
550  PSI  Transverse  Stress 
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FIGURE  7-10  NORHALIZED  Br  VERSUS  TEMPERATURE  FOR  VARIOUS  Mn  SUBSTITUTED 
GARNET  MATERIALS  IN  PSTF  AT  550  PSI  TRANSVERSE  COMPRESSIVE 
STRESS 
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Br  vs.  Temperature 
1 00  PSI  T ransverse  Stress 
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FIGURE  7-11  NORHALIZED  Br  VERSUS  TEMPERATURE  FOR  VARIOUS  Hn  SUBSTITUTED 
GARNETS  COMPARED  TO  TTl-105  Mg-Mn  FERRITE  IN  THE  PSTF  AT  100 
_ PSI  TRANSVERSE  COMPRESSIVE  STRESS _ 
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Data  praaantad  in  this  faction  vara  collactad  to  corralate  and  coapara  data 
takan  in  tha  PSTF  vith  that  obsarvad  in  actual  dual  toroid  phase  shifter 
housing.  Tha  tvo  structural  anvironaants  differ  in  tha  following  aspects t 

.  Tha  PSTF  priaarily  vas  designed  to  evaluate  single  toroids {  however, 
the  structure  vas  constructed  large  enough  to  accoaaodate  a  dual  toroid 
structure  and  soae  data  have  been  collected  on  the  fully  asseabled  dual 
toroid  Phaser  configuration. 

The  PSTF  provides  a  aore  rigid  stress  to  the  toroid.  While  the  stress 
is  generated  by  coapression  of  the  rubber  in  both  structures,  the 
rubber/aetal  stack-up  above  the  toroid  in  the  PSTF  is  a  auch  thicker 
aluainua  plate.  In  the  phaser  housing  the  re-designed  soft  top 
structure  uses  a  4  ail  aluainua  sheet  (foil)  between  the  coapressed 
rubber  and  the  dual  toroid  ferrite  structure. 

.  In  the  dual  toroid  configuration,  as  used  in  the  phaser,  the 

dielectric  center  core  will  provide  soae  stress  resistance  (or  relief) 
for  the  ferrite  aaterial  as  coapared  to  the  single  toroid  in  the  PSTF. 

The  PSTF  is  expected  to  provide  an  environaent  that  is  aore  responsive 
to  stress  than  that  experienced  in  the  dual  toroid  phaser  housings. 
Stress  points  and  "creep"  nay  however  be  soaevhat  different  in  the  two 
structures. 

The  static  and  phase  data  fron  the  previous  sections  indicate  that  the 
garnet  conpounds  exhibiting  the  least  stress  sensitivity  are  those  vith  0.11 
and  0.13  aanganese  substitutions.  Previous  to  these  studies,  0.09  nanganese 
substitution  in  garnets  had  priaarily  been  used  for  phase  shifter 
applications  to  reduce  stress  sensitivities  and  to  inprove  Br. 

Tests  in  the  phaser  housing  thus  focused  on  the  evaluations  of  these 
conpounds. 
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Data  praaantad  in  this  saction  vara  collactad  to  corralata  and  coapara  data 
tafcan  in  tha  PSTF  vith  that  obsarvad  in  actual  dual  toroid  phasa  shiftar 
housing.  Hm  tvo  structural  «ivironMtttts  diffar  in  tha  folloving  aspactst 

Tha  PSTF  priaarily  vas  dasignad  to  avaluata  single  toroids;  hovavar, 
tha  structura  vas  constructad  larga  enough  to  accoaaodata  a  dual  toroid 
structura  and  soaa  data  hava  baan  collactad  on  tha  fully  assaablad  dual 
toroid  phasar  configuration. 

The  PSTF  provides  a  aora  rigid  stress  to  tha  toroid.  While  tha  stress 
is  ganaratad  by  coaprassion  of  tha  rubber  in  both  structures,  tha 
rubber /aatal  staefc-up  above  tha  toroid  in  tha  PSTF  is  a  such  thicker 
aluainua  plate.  In  tha  phasar  housing  tha  ra-dasignad  soft  top 
structure  uses  a  4  ail  aluainua  sheet  (foil)  batvean  tha  coaprassad 
rubber  and  tha  dual  toroid  ferrite  structura. 

In  tha  dual  toroid  configuration,  as  used  in  tha  phasar,  the 
dielectric  center  core  vill  provide  soaa  stress  resistance  (or  relief) 
for  the  ferrite  aatarial  as  coaparad  to  tha  single  toroid  in  tha  PSTF. 

.  The  PSTF  is  expected  to  provide  an  anvironaent  that  is  aore  responsive 
to  stress  than  that  experienced  in  the  dual  toroid  phaser  housings. 
Stress  points  and  "creep”  nay  hovever  be  soaevhat  different  in  the  tvo 
structures. 

The  static  and  phase  data  frra  the  previous  sections  indicate  that  the 
garnet  conpounds  exhibiting  the  least  stress  sensitivity  are  those  vith  0.11 
and  0.13  aanganese  substitutions.  Previous  to  these  studies,  0.09  nanganese 
substitution  in  garnets  had  priaarily  been  used  for  phase  shifter 
applications  to  reduce  stress  sensitivities  and  to  inprove  Br. 

Tests  in  the  phaser  housing  thus  focused  on  the  evaluations  of  these 
conpounds . 
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Flfur*  7-12  prcsmta  stress  rsspmiss  dsts  (Br  versus  te^>ereture  et  100  PSI) 
on  the  0.09  Nn  substituted  G-265  eonpound  as  s  single  toroid  (1"  length)  in 
the  PSTP»  ss  s  conplete  duel  toroid  structure  including  the  dielectric 
emter  slab  in  the  PSTP  and  as  a  dual  toroid  structure  in  the  phase  shifter 
housing.  There  are  ninor  variations  in  the  data;  however,  the  static  tests 
in  the  PSTP  on  the  single  one  inch  toroid  provides  a  very  good  evaluation  of 
the  expected  stress  response  in  the  j^iaser  housing. 

Figure  7-13  presents  siailar  data  on  the  0.11  Mn  substituted  6-265  eonpound. 
Again,  the  data  collected  in  the  PSTF  correlates  veil  with  the  data  observed 
fron  the  phaser  housing. 

Figure  7-14  presents  the  data  collected  on  the  0.13  Hn  substituted  6-265 
eonpound.  This  naterial  vas  used  in  the  phaser  supplied  at  the  end  of  Phase 
I.)  The  data  include  the  Br  versus  tenperature  response  of  a  single  toroid 
in  the  PSTF  and  a  dual  toroid  in  the  phaser  housing  (3. 84  inches  of 
naterial).  Again  the  data  fron  the  PSTF  correlates  veil  with  the  data 
collected  in  the  phaser  housing. 

The  Br  versus  tenperature  data  collected  on  the  6-265  (O.llHn)  and  the 
6-265  (0.13  Nn)  conpounds  in  the  phaser  bousing  arc  presented  on  the  sane 
graph  in  Figure  7-15  to  conpare  responses  since  these  conpounds  exhibit  the 
least  sensitivity  to  stress.  Consistent  with  the  data  presented  in  Section 
7.1,  the  0.11  Nn  substituted  eonpound  has  a  snail  clockvise  Br  vs. 
tenperature  hysteresis  and  the  0.13  Nn  substituted  eonpound  exhibits  a  snail 
counter-clockvise  response.  The  phase  shifter  housing  in  this  case  is  a 
soft  top  (4  ail  aluainun  foil)  vaveguidc  structure  vith  reaovable  notching 
transitions  to  double  ridged  VR-650  vaveguides.  This  is  the  sane  structure 
as  that  used  for  the  delivered  denonstration  phase  shifter  at  the  end  of 
Phase  II. 
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Br  vs.  Temperature,  EMS  G265  (.09  Mn), 
100  PSI  Transverse  Stress 


55  - 


FIGURE  7-12  COMPARISON  OP  Br  VERSUS  TEMPERATURE  EVALUATION  OP  SINGLE 

TOROID  AND  DUAL  TOROID  IN  TEST  FIXTURE  VITB  DUAL  TOROID  IN 
PHASER  STRUCTURE 


Br  vs.  Temperature,  EMS  G265  (.11  Mn), 
100  PSI  Transverse  Stress 


FIGURE  7-13  COMPARISON  OF  Br  VERSUS  TEMPERATURE  CHARACTERISTICS  OP 
G265  (0.11  m)  IN  TEST  FIXTURE  (SINGLE  TOROID)  WITH  DUAL 
TOROID  STRUCTURE  IN  PHASER  HOUSING 


Br  vs.  Temperature,  EMS  G265  (.13  Mn), 
100  PSI  Transverse  Stress 


FIGURE  7-14  COMPARISON  OP  Bi  VERSUS  TEMPERATURE  CHARACTERISTICS  OP 
G26S(0.13  Mn)  IN  TEST  PICTURE  (SINGLE  T(HIOID)  WITH  DUAL 
TOROID  STRUCTURE  IN  PHASER  HOUSING 
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FIGURE  7-15 

Normalized  Br  vs  temperature  for  0.11  and  0.13  Hn  substituted  G-265  in  dual 
toroid  phaser  housing 


Figure  7-16  presents  the  norealized  Br  and  differential  phase  shift  data 
■easured  on  the  0.11  Mn  substituted  coapound  (G  265-83)  in  the  finalized 
phase  shifter  structure.  The  structure  provided  111  degrees  of  differential 
phase  shift  at  25*C,  and  94*  at  the  naxiaua  teaperature  of  100*C.  The 
aaterial  vas  3.84”  long  in  this  design  structured  for  high  average  power 
applications  as  aeasured  during  Phase  I  (see  Section  6.).  The  Rf 
perforaance  of  this  phaser  is  shotm  in  Figure  7-17  with  an  insertion  loss  of 
about  0.6  dB  over  the  7  to  11  GHz  region. 

Siailar  Rf  perforaance  data  are  presented  in  Figure  7-18  for  the  0.13  Mn 
substituted  coapound  (G  265-70).  The  perforaance  of  these  two  coapounds  are 
very  siailar  with  a  hysteresis  in  differential  phase  with  teaperature 
of  not  aore  than  0.7”  over  the  teaperature  range  froa  25*C  to  100*C  in  a 
structure  providing  111”  to  94”  total  differential  phase  shift  (<0.8X  phase 
stress  sensitivity)  and  suitable  for  acceptable  Rf  perforaance  up  to  the 
tested  power  of  400  Vatts  CV. 
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Br  and  Phase  vs.  Temperature 
EMSG265  (.11  Mn) 


high  power  phaser  configuration 


(gp)  ssoi  tun39g 


FIGURE  7'17  LOW  POWER  RP  PERPORMANCB  CHARACTERISTICS  OP  DUAL 
TOROID  PHASER  USING  C-265-83C(0.11Hn) 

(Delivered  denonstration  hodel) 
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8.0 


COMPUTER  AIDED  AHALITICAL  STUDIES 


8.1  THERMAL  ANALYSIS 

The  pha«e  shifter  design  used  as  a  test  bed  in  Phase  I  and  as  the  delivered 
unit  of  Phase  II  is  relatively  inefficient  froa  an  electroaagnetic  standpoint. 
It  has  an  overall  cross  section  of  0.365  by  0.172  inches  and  is  3.84  inches 
long.  This  design  produces  only  28  degrees  of  phase  shift  per  inch  of  ferrite 
length.  Because  of  this  inefficient  design,  the  insertion  loss  is  greater  (0.6 
dB)  than  it  could  be  in  the  90  degree  phase  shifter.  The  design  uses  a  center 
rib  of  S-145  aaterial  whose  relative  permittivity  is  10.0,  lover  than  that  of 
the  ferrite  ■  16),  and  therefore  the  Rf  fields  are  not  concentrated  in  the 
vicinity  of  the  dielectric  rib.  The  rather  large  length  of  the  device  leads  to 
somewhat  large  ohmic  loss  in  the  waveguide  that  is  largely  responsible  for  the 
0.6  dB  total  insertion  loss. 

A  second,  more  electrically  efficient  design,  was  explored  in  the  second  phase 
of  this  program.  This  design  is  based  on  the  use  of  a  dielectric  rib  of  D-19 
with  a  larger  relative  permittivity  (c^  «  19).  The  overall  dimensions  of  this 
second  design  are  0.307  by  0.161  inches  with  a  length  of  2.20  inches.  The 
field  concentration  effects  caused  by  the  higher  permittivity  of  the  dielectric 
yield  more  phase  shift  per  unit  length  (50*/inch),  and  therefore  less  ohmic 
loss  in  the  waveguide  and  a  lover  predicted  insertion  loss  (0.4  dB  vs.  0.6  dB 
for  the  original  unit). 

Using  the  COSMOS/M  PEA  models  (with  128  elements  and  160  nodes)  both  units  were 
analyzed  for  their  heat  dissipation  characteristics  and  the  predicted  rise  in 
temperature  in  the  ferrite  under  average  high  power  loading.  The  analysis  was 
run  first  assuming  that  heat  sinking  occurs  only  along  the  bottom  of  the  unit, 
and  again  assuming  that  heat  sinking  is  effected  along  both  top  and  bottom 
surfaces.  Because  of  probable  air  gaps  at  the  sides  and  the  long  thermal  path 
to  the  sides,  no  appreciable  heat  loss  is  expected  there.  In  the  actual  units 
significant  heat  sinking  is  expected  only  along  the  bottom  surface  because  the 
top  plate  is  a  thin  (0.004  inches)  sheet  with  no  coolant  flow  adjacent  to  it. 
The  bottom  of  the  waveguide  housing  has  coolant  (maintained  at  16”C)  flowing 
through  it. 
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Based  on  the  rasulta  of  an  aloe troaagna tic  analysis  (PSAN)  of  field 
distributions  in  the  phasers,  the  power  dissipation  is  assuned  to  occur  48Z  in 
the  dielectric  rib»  20. 8Z  in  the  inner  leg  of  each  ferrite  toroid,  8X  in  the 
top  and  bottOB  areas  around  the  hole  in  the  toroids,  and  2.4Z  in  the  two  outer 
two  legs  of  the  ferrite  toroids. 

The  results  of  this  theraal  study  are  shown  in  Figure  8-1  through  Figure  8-8. 

In  every  case  it  is  assuned  that  400  watts  of  average  power  is  incident  on  the 
phasers  with  0.6  dB  and  0.4  dB  of  insertion  loss,  as  previously  stated.  Figures 
8-1  and  8-2  show  contours  of  constant  teaperature  for  the  larger  and  snaller 
cross  section  designs,  respectively,  under  the  assuaption  that  heat  sinking 
exists  at  the  botton  surface  only.  A  one  nil  (0.001*)  air  gap  is  assuned  to 
exist  between  the  rib  and  the  toroid  on  either  side.  In  these  units  the 
ferrite  toroids  are  not  bonded  to  the  dielectric  rib,  and  therefore  a  snail  air 
gap  is  assuned. 

The  larger  S-14S  design  has  a  predicted  teaperature  rise  of  15.7*C  with  400 

watts  of  incident  power,  and  the  snaller  D-16  design  has  a  rise  of  60.7*C. 

This  striking  difference  is  caused  by  the  facts  that  the  theraal  conductivity 

of  the  S-145  is  seventeen  tines  larger  than  that  of  D-19  (0.17  vs.  0.01 
2 

cal/cn  /cn/sec/*C)  and  the  heat  dissipation  of  the  larger  unit  occurs  in  a 
larger  volune  and  since  the  added  loss  of  the  larger  unit  is  in  the  aetallic 
walls,  this  loss  does  not  significantly  affect  the  ferrite  teaperature. 

Figures  8-3  and  8-4  show  conparable  results  when  it  is  assuned  that  no  air  gap 
exists  between  the  center  rib  and  the  ferrite  toroids.  Nov  the  predicted 
teaperature  rise  is  9.0*C  for  the  S-145  design  and  about  50*C  for  the  D-19 
unit.  Without  an  air  gap  between  ferrite  and  dielectric  rib  the  dielectric 
provides  an  enhanced  themal  conducting  path  to  the  heat  sink.  These  results 
are  sunmarlzed  in  Table  8-1. 
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AND  BOTTOM  OM.Y  Hr>T 


AND  BOTTOM  ONLY  HEAT  SINKING 
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FIGURE  8-4  ISOTHERMS  FOR  THE  D19  BASED  PHASER  WITH  NO  AIR  GAP  AND 
BOTTOM  ONLY  HEAT  SINKING. 
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FIGURE  a-e  ISOTHERMS  FOR  THE  DI9  RASED  DCSIGN  WITH  A  ONE  MIL  AIR  GAP 
AND  BOTH  TOP  AND  BOTTOM  HEAT  SINKING. 
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•FIGURE  8-7  ISOTHERMS  FOR  THF  5145  rNA5rR  WITH  NO  AIR  CAP  AND  BOTH 

TOP  AND  BOTTOM  HFJVT  SINKlNi.. 


FIGURE  8-8  ISOTHERMS  FOR  THE  D19  BASED  PHASE  WITH  NO  AIR  GAP  AND  BOTH 
BOTTOM  AND  TOP  HEAT  SINKING 


Tabl*  8-1 


Predicted  Mexieua  Teepereture  Rise  in  the  Ferrite 


Input  average  pover  of  400  vatts 
(Bottom  heat  sinking  only) 

Unit 

One  nil  air  gap 

No  air  gap 

S-145 

15.7*C 

9.0*C 

D-19 

90.  *0 

50.  *0 

Figures  8-5  through  8-8  shov  results  obtained  vhen  it  is  assuaed  that  heat 
sinking  occurs  at  both  top  and  bottoa  surfaces.  Nov  the  predicted  eaxieua  rise 
in  teaperature  for  the  various  configurations  is  as  listed  belov  (Table  8-2). 


Table  8-2 

Predicted  Haxiaua  Teaperature  Rise  in  the  Ferrite 
Input  average  pover  of  400  vatts 
(Top  and  bottoa  heat  sinks) 


Unit 

0.001  inch  air  gap 

no  air  gap 

S-145 

5.6*C 

3.7«C 

D-19 

21 

15.7»C 

In  Phase  I  the  S-145  unit  vas  tested  at  an  input  average  pover  level  of  400 
vatts,  and  the  temperature  rise  measured  by  a  sensor  mounted  at  the  top  of  the 
housing  vas  16*C.  In  Table  8-1  the  predicted  rise  (assuming  a  one  mil  air  gap) 
for  400  vatts  of  average  pover  is  15.7*C,  in  excellent  agreement  vith  the 
observed  16*C  rise. 
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nms  results  sbovsd  that  the  slsctricslly  inefficient  design  is  superior  for 
handling  hi^  average  powers,  and  further  testing  was  continued  <m  the  S-145 
based  unit. 


8.2  BLBCTRQMAGNmC  ANALYSIS 

The  proprietary  EMS  coaputer  aided  analysis  prograa  (PSAN)  has  been  used  to 
interpret  experieentally  eeasured  results  in  an  atteept  to  separate  purely 
thereally  induced  changes  in  phaser  perfornance  froe  those  caused  by  stress 
effects. 

Any  practical  device  operating  at  high  average  pover  vill  experience  an 
increase  in  operating  teaperature.  In  a  ferrite  device  this  nay  result  in  a 
loss  of  saturation  and  r«unent  aagnetizations  which  aay  degrade  phaser 
perfornance.  In  a  unit  excited  by  a  "saart”  flux  driver,  the  driver  nay  be 
calibrated  for  teaperature  changes  in  aagnetization.  But  the  driver  assuaes 
that  a  given  aaount  of  flux  is  available  at  given  teaperature.  It  is 
further  necessary  that  the  ferrite  have  sufficient  flux  available  at  the 
highest  teaperature  to  provide  the  required  phase  shift.  Driver 
conpensation  is  possible  only  if  the  phaser  is  exercised.  A  phaser  that 
renains  in  a  quiescent  state  cannot  be  driver  coapensated.  Furtheraore,  if 
stress  effects  cause  a  change  in  available  reaanent  flux  at  a  fixed 
teaperature,  the  driver  has  no  way  of  correcting.  Stress  effects  nay  cause 
the  B-H  loop  shape  to  change  so  that  the  fall>back  of  the  aagnetization  froa 
the  drive  state  is  altered.  This  change  in  fail-back  characteristic  is  also 
not  coapensated  by  the  driver. 

As  indicated  above,  in  addition  to  purely  theraal  effects,  external  or 
internal  stress  nay  also  cause  a  loss  of  reaanent  flux  and  phase  shift. 
Moreover,  change  in  stress  conditions  aay  cause  a  ferrite  toroid  to  assune 
different  remanent  states  at  the  sane  temperature.  This  stress  induced 
thermal  hysteresis  was  reported  in  earlier  work  at  EMS  for  NRL  and  was  a  key 
element  of  the  phase  I  results.  The  observed  thermal  hysteresis  was 
discussed  in  some  detail  in  Sections  6.3  and  7.1. 
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6.2.1  PSAN  Studies 


In  order  to  separate  pure  temperature  effects  froa  those  also  involving 
stress*  aeasureaents  vere  aade  of  hysteresis  (B-B)  loops  and  phase  shift 
under  both  uniform  temperature  conditions  and  average  power  induced  elevated 
(and  therefore  non-uniform)  temperature  conditions.  These  results  can  then 
be  compared  to  the  predictions  of  the  PSAN  model  which  has  built  into  its 
library  the  uniform  temperature  characteristics  of  ferrites*  dielectrics* 
and  conductors. 

PSAN  also  allows  the  engineer  to  study  such  things  as  the  effects  of 
vertical  air  gaps  between  the  center  dielectric  rib  and  the  ferrite  toroids, 
or  between  the  toroids  and  the  waveguide  wall. 

8.2.2  Uniform  Temperature  Studies 

Dual  toroid  phasers  have  been  tested  under  uniform  temperature  conditions 
from  room  temperature  (25*C)  to  100*C.  While  the  toroids  were  in  place  in 
the  housing  their  B-B  loops  were  measured  at  each  temperature  and  the  phase 
shift  measured.  Simultaneous  measurement  of  hysteresis  and  phase  shift 
characteristics  allows  a  comparison  of  phase  shift  with  remanent  flux  under 
identical  conditions.  These  measured  B-B  properties  can  be  compared 
(scaled)  with  similar  data  taken  as  a  function  of  temperature  on  the  sane 
square  toroids  loose*  outside  the  housing  and  on  round  toroids  used  for 
calibration. 

The  round  toroid  data  is  taken  as  a  standard  measurement  in  the  materials 
laboratory.  Through  the  use  of  calibration  standards  and  geometric 
measurements  the  voltage  readings  obtained  can  be  converted  to  drive  and 
remanent  flux  values.  Round  toroids  are  thin  vailed  and  circular  and  their 
uniform  cross  section  provides  for  uniform  flux. 

The  square  toroids  used  in  phase  shifters  have  saturated,  uniform 
magnetization  (flux)  in  their  legs*  but  non-uniform  magnetization  in  their 
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eormrs  the  cross  section  is  larger,  and  the  flux  bends  around  the 

curve.  The  hysteresograph  used  outputs  voltages,  not  flux  values,  so  these 
readings  aust  be  converted  to  flux  (gauss)  based  on  the  data  froa  round 
toroids  of  the  sane  aaterial. 

When  placed  in  the  phaser  housing  the  square  toroids  aay  be  under 
significant  stress,  and  their  B-fi  properties  aay  be  nodlfied.  Again  voltage 
readings  froa  the  hysteresograph  can  be  converted  to  actual  flux  values  to 
be  used  in  the  PSAM  prograa  that  calculates  phase  shift. 

The  PSAN  prograa  has  a  corner  correction  that  nodels  the  curved  flux  path 
that  occurs  at  the  corners  of  the  round  toroid  where  the  nagnetization  is 
not  perpendicular  to  the  Rf  nagnetic  fields. 

A  saaple  set  of  data  is  shown  in  Table  8-3.  These  readings  were  taken  on 
the  0.11  Mn,  G-26S,  aaterial. 


Table  8-3 

Conparison  of  Theoretical  and  Experiaental  Values  of  Phase  Shifter 


Teaperature 

Round 

toroid 

Square 

toroid 

(loose) 

^uare 

toroid 

(in-house) 

■  RAH - 

Heasured 

Data 

(•C) 

(gauss)  (volts 

/  gauss)  (volts 

/ 

gauss)  (degrees) 

(degrees) 

25 

758 

1.692 

/  758 

1.676 

/ 

751 

112.2 

109.2 

40 

1.679 

/  752 

1.662 

/ 

745 

111.3 

107 

55 

1.661 

/  744 

1.643 

/ 

736 

109.9 

105.3 

70 

1.636 

/  733 

1.617 

/ 

724 

108.1 

102.6 

85 

1.618 

/  725 

1.579 

/ 

707 

105.4 

100. 

100 

1.549 

/  694 

1.547 

/ 

693 

103.2 

95.8 
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Th*  PSAM  calculated  values  vere  obtained  assualng  a  perfect  fit  between  the 
ferrite  toroids  and  the  dielectric  rib.  If  one  assuaes  that  there  is  a  half 
ail  air  gap  there  (0.0005”),  then  the  phase  shift  is  reduced  by  a  factor  of 
0.971.  This  vould  provide  perfect  agreeaent  between  the  calculated  and 
observed  values  of  109  degrees  at  25 *C. 

It  is  seen  in  the  data  of  Table  8-3  (and  in  graphs  drawn  elsewhere)  that  the 
observed  phase  shift  falls  off  aorc  rapidly  with  increasing  teaperature  than 
does  Br  or  calculated  values  of  phase  shift.  The  observed  decrease  in  Br 
froa  25*C  to  100*C  is  by  a  factor  of  0.923.  The  PSAN  predicted  decrease  in 
phase  shift  is  by  a  factor  of  0.919,  and  the  observed  decrease  in  phase 
shift  is  by  a  factor  of  0.877. 

Three  possible  causes  for  this  (saall)  discrepancy  in  predicted  and  observed 
phase  shift  values  can  be  iaagined. 

1.  Air  gaps  in  the  structure  that  increase  with  increasing 
teaperature. 

2.  Stresses  induced  by  changes  in  teaperature  that  cause  the  aaterial 
to  have  a  non-uni  fora  reaanence. 

3.  Changes  in  permittivity  with  teaperature  that  are  outside  the 
values  contained  in  the  PSAN  library. 

Each  of  these  has  been  explored  to  soae  extent,  as  will  be  described  below. 
Air  Gaps 

The  ferrite  and  dielectric  elements  of  the  phaser  are  held  by  friction 
between  the  top  and  bottom  plates  of  the  waveguide  housing.  They  are  not 
bonded  together,  because  they  have  different  coefficients  of  thermal 
expansion  and  bonding  would  therefore  introduce  additional  mechanical  stress 
with  changes  in  temperature.  The  ferrite  and  metal  parts  also  have 
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different  expansion  coefficients »  and  therefore  as  the  teepersture  is 
increased  the  width  of  the  waveguide  increases  by  sore  than  does  the 
transverse  dieensions  of  the  dielectric  and  ferrite  parts.  Since  the 
dielectric  is  centered  in  the  waveguide,  it  will  reeain  centered  as  the 
te^^rature  is  increased  and  the  waveguide  grows  with  increasing 
tenperature.  The  ferrites  on  either  side  will  be  pulled  along  with  the 
expanding  natal  that  presses  against  it.  The  net  result  is  that  a  snail  air 
gap  will  open  between  the  ferrite  toroids  and  the  dielectric  center  rib. 

Air  gaps  at  this  location  always  decrease  the  anount  of  phase  shift  in  the 
structure. 

The  PSAN  progran  was  used  to  nodel  this  effect,  and  the  results  are  shown  in 
Figure  8-9.  This  graph  shows  the  nomalized  phase  shift  as  a  function  of 
the  width  of  the  air  gaps  that  are  assuaed  to  exist  on  either  side  between 
the  ferrite  and  the  dielectric  center  rib.  A  one  nil  (.001”)  air  gap  will 
reduce  the  total  phase  shift  to  95. 3Z  of  the  phase  shift  available  with  no 
air  gap.  Over  this  snail  range  of  air  gaps  the  reduction  is  linear  with  the 
dinensions  of  the  air  gap.  To  fully  account  for  the  reduction  in  phase 
shift  seen  at  100*C  the  air  gaps  would  have  to  grow  to  0.0008”.  Based  on 
the  dinensions  of  the  housing  and  the  coefficients  of  expansion  of  the  aetal 
and  ferrite,  one  would  expect  the  air  gaps  to  be  about  0.0002”  at  100”C. 
While  the  air  gaps  no  doubt  contribute  to  the  decrease  in  phase  shift,  they 
do  not  seen  to  fully  explain  the  observed  decrease. 

Themally  Induced  Stresses 

Since  the  ferrite  and  aetal  have  different  expansion  coefficients,  it  is 
also  reasonable  to  expect  that  non-uniforn  nechanical  stresses  nay  occur  in 
the  ferrite.  Hagnetostrictive  effects  could  then  lead  to  a  non-unifom 
renanence  in  the  ferrite.  The  total  renanent  flux  is  aeasured  in  the 
housing,  but  we  do  not  know  that  it  is  uniforn.  One  night  suppose  that  the 
outer  portion  is  under  greater  stress  and  therefore  has  less  flux  than  the 
inner  portion. 
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PHASE  SHIFT  (  A4>)  (DEGREES) 


Th*  •ffccts  of  «  nonunifoni  rounonco  vm  studied  using  the  PSAN  progran  by 
Modeling  the  ferrite  toroid  es  tvo  concentric  toroids  having  different 
values  of  reaanent  flux  idiile  Maintaining  the  total  flux  constant.  Tvo 
equal  area  regiona  of  the  toroid  vere  used,  one  vith  a  reaanence  of  738 
gauaa  and  the  other  vith  600  gauss.  The  average  flux  then  reaained  at  669 
gauss.  Figure  8-10  shovs  a  representation  of  this  nodal.  Tvo  cases  vere 
analysed.  (Caae  A):  When  the  inner  shell  has  a  reduced  Br  value  (600g)  and 
the  outer  shell  (nearest  the  dielectric)  had  an  increased  Br  (738g),  the 
total  phase  shift  is  predicted  to  decrease  by  2.9X.  (Case  B):  When  the 
situation  is  reversed  so  that  the  inner  region  has  the  higher  Br  value,  the 
total  phase  shift  is  predicted  to  increase  by  2.7Z  over  that  of  a  unifora 
toroid  vith  a  669  gauss  reaanence. 

Theae  results  are  soaevhat  surprising  as  one  vould  noraally  expect  that  the 
largest  phase  shift  vould  occur  for  the  case  of  having  the  highest  flux 
nearest  the  dielectric  rib.  The  observed  results  arise  because  in  the  S14S 
design  the  dielectric  loading  is  so  light  that  the  region  of  circular 
polarization  lies  veil  vithin  the  ferrite  toroids. 

The  vaveguide  housing  construction  is  such  that  one  vould  expect  the  stress 
to  be  largest  near  the  center  of  the  housing,  at  the  dielectric  rib.  The 
ferrite  toroid  vould  then  experience  aore  stress  at  its  outer  shell  (Case  B 
above).  The  predicted  effects  do  not  agree  vith  those  observed 
experiaentally  (actual  phase  shift  falls  off  rather  than  increases)  and  the 
aagnitude  of  the  change  in  Nr  required  is  such  larger  than  one  vould 
reasonably  expect.  It  can  be  concluded  that  this  effect  does  not  explain 
the  greater  decrease  in  phase  shift  than  in  Br  as  teaperature  increases. 

Uncatalogued  Changes  in  er  vith  Teaperature 

PSAN  has  a  library  of  "knovn"  teaperature  coefficients  of  for  both 
ferrites  and  dielectrics.  If  the  ferrite  (or  dielectric)  has  a  true 
coefficient  different  froa  that  in  the  library,  that  vould  lead  to  an 
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unpr«dict«d  change  in  phase  shift.  By  assuaing  different  coefficients  of 
c^tve  can  exaaine  hov  large  the  coefficient  vould  have  to  be  to  explain  the 
observed  effect.  The  results  are  tabulated  belov  where  the  assuaed 
teaperature  coefficient  of  is  listed  along  vith  the  resultant  change  in 
phase  shift  as  teaperature  is  raised  froa  2S*C  to  100*C. 


ic/sr 

(pp«) 

X  change  in  A# 

170 

-10.3 

510 

-11.4 

940 

-12.8 

These  changes  are  also  based  on  the  library  change  in  as  a  function  of 
teaperature.  The  170  value  is  the  coaaonly  accepted  value  for  garnets.  A 
change  of  940  ppa  vould  be  required  to  explain  the  aeasured  results  in  phase 
shift.  This  is  an  unreasonably  large  coefficient t  and  thus  the  dependence 
of  on  teaperature  it  is  not  believed  to  be  the  cause  of  the  roll-off  in 
phase  shift. 

In  sunary,  the  unifom  teaperature  results  do  not  show  evidence  of 
additional,  non-unifora  stress  effects  and  are  aodeled  vith  good  accuracy  by 
the  PSAN  prograa.  It  does  appear  that  saall  air  gaps  are  opened  up  between 
the  dielectric  and  the  ferrite  at  elevated  teaperatures.  These  air  gaps 
cause  soae  reduction  of  available  phase  shift. 

8.2.2  High  Average  Power 

Data  taken  during  Phase  I  on  the  performance  of  phasers  at  high  average  power 
levels  are  shown  in  Section  6,  Figures  6-16  to  6-22.  Both  the  computer  aided 
theraal  analysis  and  the  experimental  data  indicate  that  the  hottest  parts  of 
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tha  f«rrit«  vill  reach  a  taaparatura  of  about  31 *C  against  a  boat  sink 
taaparatura  of  16*C  for  an  input  povar  laval  of  400  vatts.  As  sam  in  Figure 
8-1  the  tttq^ratura  profile  in  the  ferrite  is  quite  non-unifom.  Since  the 
total  reeanent  flux  is  liaited  by  the  veakest  link  in  the  flux  path,  the 
reeanence  of  the  toroid  aiid^t  be  expected  to  be  that  of  a  toroid  uni f only 
heated  to  31.7*C,  unless  the  non-unifon  teeperatures  produced  by  average  power 
heating  cause  further  reduction  in  flux  due  to  stress.  By  the  saee  argueent  the 
eeasured  phase  shift  should  also  be  that  of  toroids  unifonly  heated  to  31.7*C. 

Table  8-4  lists  fractional  changes  in  and  phase  shift  as  the  input  average 
power  is  increased  froe  10  to  400  watts  for  the  several  eaterials  studied. 

Table  8-4 

Fractional  changes  in  reeanence  and  phase  shift  with  average  power 


Material 

Mn 

Bj.(400)/B^(10) 

A«(400)/A»(10) 

TT  G1002 

.09 

1.02 

1.04 

G-265-35 

.09 

0.97 

0.968 

G-265-36 

.11 

0.98 

0.97 

G-265-37 

.13 

0.982 

0.985 

G-265-33 

.15 

0.972 

0.979 

G-265-42 

.17 

0.968 

0.951 

G-265-41 

.21 

0.985 

0.917 

With  the  exception  of  the  last  two  entries  (0.17  and  0.21  Nn)  all  phase  shift 
data  track  the  reeanent  flux  data  to  within  one  percent.  Since  these 
eeasureeents  are  eade  with  different  drivers  (in  one  case  the  driver  for  the 
hysteresis  tester  and  in  the  other  a  flux  driver)  this  is  quite  good  agreeeent. 

One  question  reaaining  is  whether  the  decrease  in  both  flux  and  phase  shift  is 
greater  for  induced  heating  by  Rf  power  than  it  would  be  for  uniform  heating. 
Since  the  increase  in  teaperature  is  only  15 *C,  the  effects  seen  are  small. 
Coaparison  of  uniform  and  Rf  heating  is  aade  more  difficult  by  the  fact  that  the 
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15*  rise  caused  by  Rf  haating  is  against  a  lover  base  (16*)  than  vas  used  for 
the  unifora  heating  testa  (25*C).  Table  8-5  lists  the  fractional  decrease  in 
eeasured  in  a  15*  change  in  unifora  tMiperature  (froa  25*  to  40*)  and  the 
fractional  decrease  resulting  froa  a  15*C  change  caused  by  Rf  power  (froa  16*  to 
31*). 

TABU  B-5 


COHPARISON  OP  CHANGES  IN  Bj^  CAUSED  BT  UNIFORM  AND  RF  BEATING 


MATERIAL 

Mn 

Bj(40*)/B^(25*) 
unifora  heating 

B^(31*)/B^(16*) 
Rf  heating 

TT  G-1002 

0.09 

1.115 

1.04 

G265-35 

0.09 

1.0 

0.97 

G-265-36 

0.11 

0.992 

0.98 

G-265-37 

0.13 

0.992 

0.982 

G-265-33 

0.15 

0.994 

0.972 

G-265-42 

0.17 

0.956 

0.968 

C-265-41 

0.21 

0.979 

0.985 

It  appears  that  the  decrease  in  reaanent  fltuc  is  soaevhat  greater  in  the  case  of 
Rf  heating  for  Mn  contents  of  0.15  or  less.  This  observation  clearly  does  not 
hold  for  the  two  higher  Mn  doping  levels.  Based  on  the  teaperature  dependence 
of  the  saturation  aagnetisation  (4nM  )  one  would  expect  less  change  at  the  lover 
range  of  teaperatures  (16*  to  31*)  than  at  the  higher  range  (25*  to  45*).  In 
view  of  this  fact,  the  small  differences  in  roll  off  of  are  aore  significant. 
The  non-uniforn  heating  and  the  attendant  differential  expansion  of  the  top  and 
bottom  parts  of  the  toriod  would  be  expected  to  produce  transverse  stress.  One 
could  argue  that  we  are,  in  fact,  seeing  a  greater  decrease  in  B^  due  to  these 
transverse  stress  effects  for  the  lover  Mn  bearing  samples,  and  that  at  the  two 
highest  Mn  contents  the  transverse  stress  actually  augments  the  remanent  flux, 
as  one  night  expect  for  a  positive  value  of  These  observed  effects  are, 

however,  so  small  that  drawing  such  conclusions  from  this  data  is  highly 
speculative. 
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'*»"  *•  ««  «ch  d^r^Utlon  1. 

Of  the  various  aagnetostrlctlva  coafflclents. 
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9.0 


SUMHART  OP  RESULTS  AMD  SKailFICANT  OBSERVATIONS 


9.1  MATERIAL  FABRICATION 

No  ujor  probleos  were  experienced  in  fabricating  the  aanganese  substituted 
garnet  coapounds  studied  during  the  prograa.  Processing  paraaeters  vere 
adjusted  to  achieve  optiaization  in  the  ceraaic,  electrical  and  aagnetic 
characteristics  of  the  coapounds.  A  very  good  quality  aicrovave 
polycrystalline  aaterial  vas  achieved. 

Soae  variations  in  the  processing  vere  iapleaented  as  a  function  of 
aanganese  (Hn)  substitution.  A  firing  teaperature  of  1440*C  vas  found  to  be 
optiaua  for  aost  of  the  G-26S  (56  2/3X716  •  43  l/3XGdIG)  coapositions; 
hovever  at  the  higher  Mn  substitutions  (0.15  and  greater)  slightly  lover 
firing  teaperature  (1425*C)  provided  iaproved  characteristics. 

Studies  vere  aade  to  define  the  range  of  iron  content  (starting  iron  content 
deficiency)  supportive  to  achieving  single  phase  garnet  structures.  For  the 
processing  used,  the  iron  deficiency  range  froa  2.25X  to  3. OX  appeared 
acceptable.  Br  values,  on  the  average,  appeared  better  tovard  the  iron  rich 
side  of  the  garnet  coapositional  range. 

Properties  (particularly  Br  values)  of  the  various  Hn  substituted  coapounds 
appeared  to  be  nore  sensitive  to  final  firing  (sintering)  teaperature  than 
expected.  This  observation  could  be  related  to  insufficient  nixing  (grain 
to  grain  coaposition)  or  the  presence  of  the  aanganese  and  its  influence  on 
the  sintering  process.  Firing  in  an  oxygen  environaent,  vhile  not  alvays 
used,  provided  soae  improvenent  in  property  reproducibility  particularly  for 
the  higher  firing  temperature. 

The  aicrostructure  of  the  compounds  vas  monitored  tovard  achieving 
uniformity  in  grain  size.  Good  hysteresis  properties  vere  achieved. 
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Co«rclv«  fittlds  n«ar  1.5  oersteds  vere  typical  indicating  an  average  grain 
structure  soeevbat  saaller  than  the  coeparable  garnet  coepounds  possessing 
coercive  fields  of  one  oersted  or  less. 

+■3 

Manganese  (Mn)  cheeistry  vas  investigated  to  provide  assurance  that  Mn'*'  was 
entering  the  garnet  structure.  The  starting  carbonate  (Mn'^'^CO,)  appeared  to 
be  converted  to  Mn2^'’0^  (by  color  and  veight  change)  above  600*C;  above 
1000*C,  a  seall  hint  of  brovn  color  vas  noted^  perhaps  indicating  seme 
decoaposing  of  Nn202.  Veight  change  suggested  soae  foraation  of  MnO. 

Hovever,  varying  the  nixing  procedure  (adding  Hn  after  presintering,  for 
exaaple)  and  presintering  and  firing  tenperatures  did  not  produce  any 
neasurable  changes  in  the  properties  of  the  coapounds  as  related  to 
potential  changes  in  the  Mn  content  or  valence.  All  investigations  and 
resultant  data  Indicate  that  Mn'*''’  is  the  prine  aanganese  ion  captured  in  the 
structure. 

Analytical  evaluation  via  the  energy  dlspressive  spectrocopy  capabilities  of 
scanning  electron  aicrographs  did  not  identify  any  phase  variational 
problems  associated  vith  the  various  Mn  substitutions.  The  sensitivity  of 
this  technique  vas  not  adequate  to  provide  useful  information  indicating  the 
level  of  Mn  substitution  achieved. 

The  conversion  of  the  total  manganese  substituted  to  the  Mn**^^  ion  in  the 
finalized  garnet  structure  cannot  be  experimentally/analytically  verified; 
hovever,  the  stress  sensitivity  characteristics  of  the  resultant  compounds 
to  mixed  Mn  content  vas  very  evident.  Differences  in  stress  sensitivity 
vere  readily  observed  for  changes  in  Mn  of  0.02  per  formula  unit  (IZ  change 
in  the  Fe-Mn  cation  content). 

9.2  STATIC  STRESS  TESTS 

A  very  adequate  static  stress  fixture,  referred  to  as  the  phaser  simulator 
test  fixture  (PSTF),  vas  generated  that  provides  static  stress  sensitive 
evaluation  (No  Rf)  of  materials  as  a  function  of  pressure  and  temperature. 
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Strvss  sensitive  dste  free  this  static  test  fixture  correlates  veil  vith  the 
data  collected  froe  vaveguide  dual  toroid  phase  shifters.  The  PSTP  can  be 
used  to  evaluate  the  stress  characteristics  of  toroidal  ferrite  eaterial 
adequately  to  predict  perforeance  associated  vith  the  stress  environeent  of 
phase  shifter  designs. 

Static  test  structures  generated  and  evaluated  vhich  utilized  threaded  screv 
■echanisns  to  generate  stress  (pressure)  did  not  provide  reproducible 
perforeance  particularly  for  stress  levels  belov  1(X)0  PSI. 

Hysteresis  properties  of  toroids  appear  to  be  very  sensitive  to  soee  stress 
conditions  such  as  deforaation  of  the  structure  by  bending  or  tvisting  or 
Bulti-Bode  deforming  created  by  applying  too  auch  (or  non-uniform)  stress. 

Longitudinal  (axial  stress  perpendicular  to  the  reaanent  Bagnetization)  and 
transverse  (parallel  to  the  renanent  Bagnetization  in  the  phase  active  legs 
of  toroids  in  vaveguide  structures)  stress  tests  vere  conducted.  Transverse 
stress  occurs  priaarily  froB  the  top-to-bottoa  crush  required  in  the  phaser 
for  acceptable  Rf  perforeance.  Longitudinal  stress  is  priaarily  the 
resultant  of  differences  in  theraal  expansion  coefficients  betveen  the 
ferrite  aagnetic  aaterial  and  the  Betallic  Rf  structures  in  vhich  the 
aaterial  is  captured.  Longitudinal  stress  effects  present  the  Bost 
troublesoae  design  and  perforeance  problems. 

Non-unifora  heating  of  the  toroidal  material  as  a  function  of  Rf  pover  Bay 
also  produce  some  difficult  stress  related  problems.  The  center  section  of 
the  dual  toroid  structure  Bay  become  hotter  than  the  outer  return  legs. 

Both  theraal  analysis  and  measured  data,  hovever,  indicate  that  such 
differences  in  temperature  are  small  at  average  povers  of  400  vatts.  High 
average  pover  Rf  tests  have  also  indicated  that  the  apparent  stress  effects 
observed  are  more  closely  related  to  general  temperature  effects  than  to 
differential  heating  vithin  the  toroid. 

For  the  toroid  structures  tested,  stress  levels  above  1000  PSI  appear  to 
begin  to  alter  the  hysteresis  properties  by  deformation.  The  reuige  of 
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transvtrM  stress  (pressure)  utilised  (or  experienced)  in  typical  vaveguide 
phase  shifter  designs  vas  not  knovn  prior  to  this  study  effort.  Data 
collected  froa  static  stress  tests  when  coepared  to  phaser  housing  tests> 
indicate  that  typical  pressures  utilized  are  in  the  range  of  100  PSI. 

In  stress  sensitive  toroidal  structures,  any  stress  supportive  to  reducing 
the  rMMnent  aagnetisation  is  readily  observed;  a  stress  supportive  to 
enhancing  the  remanent  magnetization  is  veahly  observed,  most  often  by 
observing  no  change  in  the  remanent  states  while  the  coercive  field  is 
observed  to  slightly  Increase. 

Mn  substitutions  are  very  valuable  in  reducing  the  stress  sensitivity  of  the 
garnet  compounds.  In  the  compounds  studied,  substitution  of  0.09  Mn  per 
formula  unit,  as  used  in  a  similar  coousercially  available  compound 
(Trans-Tech  G-1002),  does  not  appear  to  be  optimized  for  minimizing 
longitudinal  stress  sensitivity.  Our  data  indicate  that  a  larger  Mn 
substitution  is  significantly  better  (0.11  to  0.13  Mn  per  formula  unit). 

The  data  collected  indicates  the  0.09  Mn  substitutions  are  more  near  optimum 
for  transverse  stress  as  claimed  by  the  supplier. 

For  longitudinal  compressive  stress,  data  indicate  that 
Br(Stress) 

Br(No-Stress)  equals  approximately  one  (stress  insensitive)  for  a  Mn 
substitution  of  0.13  and  stress  values  up  to  500  PSI. 

Mn  substitutions  in  the  range  of  0.11  to  0.13  appear  to  provide  materials 
exhibiting  the  best  stress  insensitive  characteristics  in  vaveguide  phase 
shifter  structures. 

The  stress  sensitivity  of  these  materials  is  dependent  on  the  magnitude  of 
the  magnetostrictlve  forces  (characteristics)  relative  to  other  forces 
(fields)  interacting  with  the  magnetization.  Foe  example,  in  the  same 
composition  where  the  coercive  field  is  changed  via  microstructure  (changing 
and  controlling  grain  size),  the  structures  possessing  larger  coercive  field 
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gr«iii  site)  would  exhibit  less  change  in  hysteresis  characteristics 
with  stress.  Sieilar  responses  are  observed  in  eaterials  with  lover  Br 
values  due  to  localised  deeagnetlzing  effects  (higher  porosity  and/or  lover 
densityt  for  exaeple).  Mn  substitutions  to  reduce  or  coepensate 
■agnetostrictivc  forces  are  auch  eore  valuable  in  higher  quality  ceraalcs 
where  the  effective  field  associated  with  eagnetocrystalline  anisotropy  is 
the  doelnate  influence  on  the  reeanent  aagnetization. 

As  noted  in  the  data  presented  in  Section  7,  a  hysteresis  was  observed  in 
the  Br  versus  teaperature  response  of  the  aaterials  as  evaluated  in  the 
PSTF.  The  aagnitude  of  the  teaperature  hysteresis  vas  dependent  on  Mn 
content.  Varying  the  Mn  content  froa  0.09  to  0.21  reversed  the  direction  of 
the  observed  teaperature  hysteresis  froa  clockwise  (CV)  to  counter  clockwise 
(CCV).  All  0.09  Mn  substituted  aaterials  exhibited  CV  teaperature 
hysteresis  characteristics  and  all  0.15  and  higher  Mn  substituted  coapounds 
exhibited  CCV  responses.  Most  data  on  the  0.11  Mn  substituted  coapounds 
exhibited  slight  CV  hysteresis  responses  with  the  0.13  Mn  exhibiting  slight 
CCV.  The  observed  teaperature  hysteresis  vas  soaevhat  dependent  on 
transverse  coapressive  stress.  For  transverse  stress  levels  near  100  PSI, 
alaost  no  hysteresis  was  observed  for  these  coapounds  which  strongly 
indicated  that  aagnetostrictive  coapensation  vas  being  achieved. 

Analysis  of  hybrid  TIG  coapounds  other  than  the  G-265  coaposition  indicated 
siailar  aagnetostrictive  constants  so  that  siailar  Mn'*^’’  substitution  should 
provide  iaproved  characteristics  in  these  coapositions  also.  TIG  with  0.13 
Mn  substitution  vas  prepared  and  found  to  have  ainiaal  stress  sensitivity 
siailar  to  the  G265  with  0.13  Mn. 

The  aagnetostrictive  constants  and  thus  the  stress  sensitivity  of  the  garnet 
aaterials  (and  other  ferriaagnetic  coapounds)  are  known  to  vary  with 
teaperature.  As  noted  in  Table  2-1,  the  reported  aagnetostrictive  constants 
of  TIG  and  GdIG  decrease  with  increasing  temperature  but  at  a  relatively 
slow  rate.  The  change,  however,  is  significant  and  should  be  noted  even 
though  the  data  collected  during  these  investigations  do  not  indicate  any 
strong  evidence  suggesting  a  difference  in  stress  sensitivity  at  different 
temperatures. 
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NagnMitui-uiicanMC  £«rrite  uitcrlals,  such  as  Trans-Tech  TT  1-105,  exhibit 
very  stable  hysteresis  characteristics  vith  stress.  This  coapound  vas 
evaluated  during  this  prograa  and  exhibited  good,  expected  characteristics. 
The  iaproved  stress  insensitive  garnet  coapounds,  G-265  (O.llHn)  and  G-265 
(O.lSMn),  exhibited  characteristics  very  siailar  to  this  Mg-Hn  ferrite. 

9.3  PHASER  BOUSING  STRESS  TESTS 

Vith  the  aaterials  asseabled  into  the  phase  shifter  structure,  a  hysteresis 
in  and  phase  shift  vas  observed  as  a  function  of  teaperature.  This 
hysteresis  changed  direction  froa  clockvise  to  counter-clockwise  for  Hn 

substitution  belov  0.11  and  above  0.13  respectively.  The  hysteresis  in  the 

phase  shift  response  corresponded  to  that  of  Br.  Best  perfomance  vas 
observed  for  the  0.11  and  0.13  Hn  substitutions.  The  direction  of  the 
teaperature  hysteresis,  tdien  evident,  reversed  direction  froa  CV  to  CCV 
between  these  Hn  substitutions.  These  coapounds  exhibited  very  saall 
changes  in  B^  due  to  top-to-bottoa  "crush”  %dien  captured  in  phaser  housings 
(transverse  stress  vas  estiaated  to  be  near  100  PSI).  No  hysteresis  in  B^ 

versus  teaperature  vas  observed  for  "loose"  toroids.  For  coaparable  stress 

levels,  the  Br  versus  teaperature  hysteresis  characteristics  in  the  dual 
toroid  Phaser  housing  structure  were  reduced  in  aagnitude  coapared  to 
siailar  tests  on  single  toroids  in  the  PSTF.  This  apparently  results  froa 
the  presence  of  the  dielectric  center  core  in  the  dual  toroid  structure 
which  provides  soae  stress  support  to  the  ferrite  toroids. 

The  data  appear  to  be  consistent  vith  stress  resulting  froa  differences  in 
expansion  coefficients  of  the  aetallic  housing  and  garnet  aaterial. 
Magnetostrictive  related  hysteresis  in  phase  shift  as  a  function  of 
teaperature  has  been  reduced  froa  10*  for  Trans-Tech  G- 1002 (0.09  Hn)  to  less 
than  1*  for  the  0.11  or  0.13  Hn  substituted  G-265  garnet  coapound  over  the 
teaperature  range  of  25*C  to  100*C  in  actual  phaser  structures  designed  for 
high  power  operation. 

The  data  presented  in  Section  6  vas  collected  during  Phase  I  of  the  Prograa 
and  utilized  a  "drua”  top  phaser  structure  as  a  test  structure.  The  G-1002 
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(0.09  Nn)  exhibited  e  very  large  teaperature  hysteresis  in  this  structure 
(Figures  6-2  and  6-3).  Ccmsiderable  iaproveaent  in  characteristics  were 
observed  in  the  data  for  6-265  (0.09  Mn)  in  this  saae  test  structure.  A 
eloekvise  twperature  hysteresis  vas  observed  for  both  aaterials  in  Br  and 
phase  but  the  aagnitude  vas  greatly  reduced  for  the  G-265  (0.09  Hn)  (froa 
15X  to  2X).  The  6-1002  (0.09  Hn)  appeared  to  be  considerably  aore  sensitive 
to  longitudinal  and  transverse  stresses  than  the  6-265  (0.09  Mn). 
Microstructure  of  these  tvo  aaterials  are  different  vith  the  6-265 
possessing  a  saaller  and  aore  unifora  grain  structure.  The  higher  coercive 
field  of  the  6-265  (1.5  oersteds  coapared  to  0.9  oersteds  for  6-1002)  vould 
support  the  observed  response  but  the  aagnitude  of  the  difference  vas 
surprising  and  unexpected. 

These  saae  aaterials  vere  re-evaluated  during  Phase  II  in  the  PSTF  test 
structure  at  200  PSI  and  the  results  are  presented  in  Figure  7-8.  The 
stress  characteristics  of  the  6-265  (0.09  Mn)  vere  observed  to  be  soaevhat 
better  than  the  6-1002  but  difference  in  stress  sensitivity  can  aore  readily 
be  assessed  and  accepted  as  due  aicrostructure. 

The  response  to  stress  of  the  0.11  Mn  and  0.13  Mn  substituted  6-265 
coapounds,  hovever*  exhibited  added  iaproveaent  coapared  to  the  6-265  (0.09 
Mn)  Including  a  draaatlc  reversal  of  the  teaperature  hysteresis 
characteristics  froa  cv  to  ccv.  This  reversal  clearly  suggests  the  optiaua 
Mn  content  for  ainiaua  stress  sensitivity  in  the  phaser  structure. 

9.4  HI6H  AVERAGE  RF  POWER  TESTS 

These  tests  vere  conducted  to  evaluate  stress  resulting  from  differences  in 
heating  of  inner  and  outer  legs  of  the  toroid.  The  measured  data  did  not 
present  any  discernible  evidence  of  change  in  performance  due  to  induced 
stress  resulting  froa  differential  heating.  The  operational  teaperature  of 
the  Phaser  changed  from  -flS  to  •f32*C  for  a  change  in  incident  Rf  power  froa 
10  to  400  WATTS  CV,  respectively.  Phase  shift  and  exhibited  a  hysteresis 
over  this  range  of  pover  and  corresponding  teaperature  change.  Best  results 
vere  obtained  for  Mn  substitution  in  the  range  0.11  to  0.13.  Hysteresis  in 
the  phase  and  B^  data  are  consistent  vith  that  observed  in  temperature  tests 
alone  vith  no  high  pover  Rf. 
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Byatarcais  with  povar/taaparatura  (ranga  notad  abova)  vaa  obaarvad  to  ba 
laaa  than  0.5*  for  Mn  aubstitutiona  of  0.11  and  0.13. 

9.5  STRUCTURAL  CONSIDERATIONS  TO  REDUCE  STRESS  SENSITIVITT 

RP  atructura  usad  in  thase  studlaa  vaa  a  "aoft  top*  houaing  vfaara  tranaveraa 
atraaa  on  tha  farrita  atructura  reaulta  fron  controllad  conpraaaion  of 
allicon  rubbar.  To  raduca  atraaa  affacta,  RF  houainga  ahould  ba  daaignad  to 
provida  ainiaua  conatraint  on  tha  aaterial.  A  dual  toroid »  platad 
atructura  with  aoaa  iaprovad  aachanieal  packaging  would  appaar  to  ba  a 
daaign  approach  poaaaaaing  ainiaua  conatraint  featurea. 

Typical  dual  toroid  aoft  top  vavaguida  phaser  structuraa  preaantly  require  a 
tranaveraa  atraaa  on  tha  ferrlta  structure  in  the  range  of  100  PSI. 

Waveguide  dual  toroid  structures  will  be  less  affected  by  stress  than  single 
toroid  designs. 

9.6  WHAT  IS  TIE  IMPACT  OP  THE  DATA  COLLECTED  ON  ORIGINAL  PLANS, 
EXPECTATIONS  AND/OR  PROJECTIONS? 

Original  plana  included  preparing  and  evaluating  Mn'*’’’  substituted  garnet 
coapounds  up  to  Nn^^  substitution  of  0.21  per  foraula  unit  in  T^  y  Gd^  ^ 
^*5-x  ^12  charactarisa  the  stress  sensitivity  of  these  coapounds 

as  a  function  of  Hn  content.  A  56  2/3X  TIG  *  43  1/3X  GdIG  coapound  (G-265) 
was  selected  as  tha  coaposition  for  study.  This  coapound  possesses  a  AIM 

5 

value  of  approxiaataly  1100  gauss  and  was  siailar  to  TT  G-1002  in  overall 
characteristics.  Tha  TT  G-1002  with  0.09  Mn  had  been  used  in  previous  high 
power  waveguide  phaser  structures  but  had  exhibited  considerable  stress 
sensitivity  with  taaperature.  The  0.09  Mn  substitution  was  considered  best 
to  reduce  aagnetostrictive  sensitivity  to  stresses  parallel  to  the 
aagnatization  such  as  the  top-to-bottoa  crush  in  waveguide  phasers. 
Expariaental  data  on  the  tcaperature  characteristics  of  phasers  indicated 
detriaental  changes  in  phase  with  tenperature  due  to  stress  sensitive 
(aagnetostrictive)  properties  of  the  aaterial.  Such  temperature  generated 
stresses  appear  to  be  aore  perpendicular  to  the  remanent  magnetization  than 
parallel. 


4  10 

InfotMtion  reported  in  the  published  litereture  '  regarding 
Mgnetostrictive  characteristics  of  Mn'*'^  in  garnets  suggested  that  larger 
aaounts  of  Mn'*’^  would  perhaps  be  valuable  in  achieving  improved  perforeance 
in  the  stress  environeent  of  waveguide  phase  shifters. 

A 

The  studies  conducted  on  this  prograe  have  revealed  that  Nn'*'  substitutions 
in  the  range  of  0.11  to  0.13  produce  coepoimds  that  provide  stress 
insensitive  perforeance  in  waveguide  phasers.  The  phase  reproducibility 
with  tuiperature  cycling  can  be  an  order  of  eagnitude  ieproved  in  soee 
garnet  coepounds.  The  stress  characteristics  achieved  were  observed  to  be 
very  sensitive  to  Mn’*’’^  content. 


The  original  analytical  evaluation  also  recognized  published  studies  (by 

4 

Dionne)  that  suggested  that  materials  possessing  with  Kj^>0  would 

yield  stress  insensitive  characteristics.  The  effects  of  Co'*‘^  substituted 

A 

into  the  garnet  structure  together  with  Mn'*''’  appeared  proaising  toward 
achieving  such  characteristics.  The  original  plans  thus  included  the 
exaaination  of  substituting  Co‘*^^/Sl'*'^  into  the  garnet  structure  for  Pe*^^ 

A 

together  with  Mn'*’^  to  achieve  the  characteristics  of  R^>0  and 

After  studying  the  Mn'*’^  substitution  the  following  coepositions  were 
prepared  for  evaluation: 


1.7 


Gd 


♦3 


1.3 


Fe 


+3 


4.845-2X 


Hn 


+3 


0.155 


Co 


*2 


Si 


+4  «-2 


12 


for  X  -  0.0225  and  0.01125 


In  both  cases  the  resultant  hysteresis  curves  were  rather  skewed  and  the 
values  of  Br  were  earkedly  below  those  of  other  garnets.  Longitudinal 
stress  did  produce  a  eeasurable  increase  in  Br  indicating  a  positive 
characteristic.  It  is  entirely  likely  that  the  conditions  desired*  namely 
R^>0  and  achieved:  however  the  hysteresis  characteristics 

observed  did  not  appear  to  warrant  further  exploration  of  this  family  of 
compounds  since  reasonably  good  stress  Insensitive  compounds  were  being 
obtained  from  only  Mn'^'^  substitutions.  Furthermore*  the  cobalt  substitution 
increased  the  magnetic  loss  tangents  of  these  garnets. 
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G.  Dionne*  MIT(LL)  has  reported  results  of  his  investigations  of  Hn'*'^ 

substitutions  in  YIG  including  his  aeasured  data  on  nagnetostrictive 
constants  (^^1  aeasured  on  single  crystal  saaples  (Figure  2-9). 

His  results  froa  aeasureaents  of  aagnetostrictive  constants  indicate  that 

A 

Mn'*’'^  substitution  has  the  following  characteristics: 

hoo  \ll  S 

Effect  of  one  Mn  ion  759X10'®  7T5XI0"®  735X10'® 

Substitution  Per  Foraula 
Unit  in  HG 

Magnetostrictive  Constants  of  ^  ^ 

YIG  -l-aXlO'**  -2.8X10"®  -2.2X10"® 


His  aeasured  results  on  polycrystalline  garnets  providing  stress  insensitive 
reaanence  were  as  follows: 


3R||  •  0  for  Mn'*’’’  substitution  of  0.09  and  stress  parallel  to  N; 

A 

3RJ_  >  0  For  Mn'*'  substitution  of  0.17  and  stress  perpendicular  to  M. 


Dionne's  theory  predicted  0.05  and  0.065  respectively  for  substitution 
based  on  aeasured  single  crystal  aagnetostrictive  constants  and  his  independent 
grain  aodel  for  anisotropy  stress  energy. 


Using  the  measured  single  crystal  values  (Dionne's  data)  and  adjusting 
X^QQ  to  aatch  the  stress  insensitive  polycrystalline  results  (Dionne's  data)* 
the  effects  of  one  Mn'*'^  ion  substitution  per  foraula  unit  would  be  as  follows: 

\oo  \ll  ^ 

7XI3ETO"®  7TJ5T0"®  71579x10"® 

The  above  coaputation  produces  a  X^q^  considerably  different  froa  that 
computed  froa  Dionne's  aeasured  single  crystal  data. 
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If  tt  I  is  coaputsd  using  the  shove  values  for  then  A  vanishes  for 

Sv  iff 

for  Mn'*’^  substitution  of  0.122  vith  stress  perpendicular  to  M.  This  value 
is  also  a  reasonable  fit  to  Dionne's  experieental  polycrystalline  data  (see 
Figure  2-10). 

If  the  above  aagnetostrictive  effects  of  Mn'*''’  are  used  and  applied  to  the 
6-265  coepound  studied  during  this  progroe,  the  predicted  results  are  shown 
in  Figure  9-1. 

These  results  indicate: 

SR||  -  0  for  Mn'*'^  substitution  of  0.073  and  stress  parallel  to  M; 

9RJ^  -  0  for  0.11  Mn'*^^  substitution. 

To  +3 

Alsot  Xg*0  for  a  Mn  substitution  of  0.122 

These  predictions  are  in  good  agreeeent  vith  the  experieental  data 
collected.  The  change  in  the  direction  of  the  observed  teaperature 
hysteresis  froe  CV  to  CCV  for  Mn'*'^  substitutions  of  0.11  and  0.13 
respectively,  indicate  a  change  in  the  aagnetostrictive  characteristic 
vithin  this  range.  This  range  is  indicated  in  Figure  9-1  and  is  consistent 
vith  the  predicted  conditions  of  0  >0  and  Xs  >0,  which  could 

6o 

account  the  observed  reversal  in  direction  of  the  teaperature  hysteresis. 
Other  investigators  have  also  reported  significant  reduction  in  the 
variation  of  reaanent  phase  shift  vith  external  stress  for  aanganese 
substitutions  of  0.15. 

During  the  prograa  other  garnet  coapositions  were  prepared  to  further 

evaluate  these  predictions  and  observations.  Mn'^'^  substitutions  of  0.13  in 

TIG  (6203-22  vith  4idf  b1780  gauss)  as  veil  as  in  a  TIG-GdIG  (G231-13  vith 

s 

4iiM  albOO  gauss)  produced  coapositions  vith  equally  lov  stress  sensitivity. 
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FIGURE  9-1  MAGNETOSTRICTIVE  CHARACTERISTICS 


The  predicted  optima  value  of  Nn'*'^  to  alniaize  stress  sensitivity  vill  vary 
vith  coaposition.  The  predicted  values  are  presented  in  Figure  9-2  for  the 
yttriua-gadoliniua  iron  nixed  garnets.  The  6-265  coaposition  is  noted. 

Siailar  predictions  can  be  generated  for  the  yttriua-aluainua  iron  or 
yttriua  galliua  iron  garnets  by  using  the  neasured  and  reported  data  for 
galliun  substituted  TIG  presented  in  Table  2-2.  Aluainun  and  galliua 
substitutions  in  hybrid  TIG  coapounds  are  very  siailar.  Aluainua  is  very 
siailar  to  galliua  in  structure  and  predoainately  locates  on  the  saae 
lattice  site  (24d)  in  the  garnet  structure,  so  this  substitution  produces 
alaost  identical  effects  on  the  aagnetic  and  aicrovave  properties  of 
polycrystalline  garnets. 

These  predictions,  therefore,  assuae  that  aluainua  and  galliua  vould  yield 
very  siailar  aagnetostrictive  characteristics.  Figure  9-3  shovs  calculated 
results  for  these  compounds. 

The  investigations,  data  collected,  and  results  obtained  during  this  prograa 
are  expected  to  be  very  valuable  to  the  generation  of  future  high  power, 
high  precision  ferrite  phase  shifters  and  the  embedded  impact  these 
components  have  on  switches  and  power  dividers.  The  reduction  achieved  in 
stress  sensitivity  vill  also  provide  reduced  costs  via  improved  phaser 
structures  and  the  reduced  phase  sensitivity  to  stress  (pressure)  associated 
vith  the  asseably  and  aanufacturing  procedures  required. 
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YTTRIUM-GADOLINIUM  GARNET 
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